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Surface Gravity Wave Measurements oA SN

R. T. Guza ,':’
Scripps Instiution of Oceanography [

g Center for Coastal Studies ':\’
Code A009 sty

La Jolla, CA 92093

T v
R R
The characteristics of surface gravity waves within the ::::‘-:\:v@
L *d'r‘c\
LN
L California Bight are profoundly influenced by the topographic et
o setting. The Channel Islands and the orientation of the AN
';' f:?k‘
™ coastline shelter the coast from many wave directions (Figure 1). :"",;“'4. s
.\"\*-'
g Pawka [1982, 1983) and Pawka et al [1984] discuss extensive
measurements of the directional wave climate at Torrey Pines
RS Beach, approximately 10 km north of the NOSC tower (Figure 1).
! The waves at these two sites are similar, so the work at Torrey ;
Pines is relevant to the TOWARD experiments. At Torrey Pines, RN
Lol
Sodoh
% only a narrow directional sector (282°-290°) is directly open to :';\':.::.;
}\'\}\'
DA AN
the north Pacific swell which is an important source of coastal MRS
g wave energy (Figure 1). However, the presence of shallow shoals 'v':;‘:a'i‘.
Sty
X and banks in the island vicinity (notably Cortez and Tanner Banks -3“\;:::
N K20
< . on
ni in Figure 2) theoretically provide a refractive energy source. “‘..rﬁ-f‘ﬁ'
f.: Relatively high angle north swell is refracted by the banks }_‘-::f':{
- ALY
N . AL
towards Torrey Pines (Figure 2). Thus, unimodal, deep ocean AN
¥, . . e RN
s north swell theoretically results in a bimodal directional -
REANE N ¢
o spectrum at Torrey Pines; the open window at about 290° and a NN
E" \::\:\$
- refractive peak around 255°. Dlxtensive measurements by Pawka and AN
e
E collegues at Torrey Pines have firmly established the existence
KA
of the southern refractive peak (Figure 3). These data were AN
- A AT
.-‘ .- "~.i e .I-
ot collected in March, 1977 with a 400 m long multi-element linear ;4'.:(::.-\'
. LN
SR
[~ pressure sensor array and analyzed with high resolution data [ -
o) 13 CHAN
M 5;332
SRR A0 A0
AL N gy \.l X '. ' ‘o ‘q,\_l W Ladafel et o A sl '. A L G D sn A (a7 o
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adaptive estimators.

Similar high resolution measurements have not been attempted

at the TOWARD site. However, theoretical refraction calculations
for the Mission Bay entrance Channel (i.e. the NOSC tower)
suggest a comparable bimodal response to north swell (Figure 4).
Note that the angular location of coastal directional peaks is
somewhat insensitive to the deep ocean direction. North swell
energy can only reach coastal waters through the open window or
via banks refraction.

The NOSC tower site is not locally sheltered from southern
swell. Thus, although perhaps less energetic than northern swell
outside the Channel Islands, southern swell can be an important
component inside the Channel Islands. The characteristics of
southern swell, in the northern hemisphere, are not well known.
In a classic series of papers, Munk and co-workers established
the source as high latitude storms in the south Pacific and
Indian Oceans. The superposition of a typical southern swell
directional peak (230°) with the bimodal north swell response
results in a complex trimodal directional spectrum at Mission Bay
(Figure 5). These peaks are separated from each other by about
30° in local deep water (i.e. a few km offshore). Refraction
reduces the angular separation at the tower. A long linear array

would be required to resolve the directional peaks (Figure 5).

Cost constraints, and the relatively low priority given to
directional long wave measurements in this experiment, did not

permit the installation of a long linear array in the TOWARD

experiment. Four pressure sensors were installed on the tower
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legs, about 7 below the surface. These sensors were used to
estimate two orthogonal components of sea surface slope, similar
to a pitch and roll buoy. This type of directional measurement
has relatively low resolution, less than the 150 m long linear
array shown in Figure 4. The resolution of pitch and roll type
systems, and a variety of analysis techniques are discussed by
Hasslemann et al [1980)], Lawson and Long [1983] and Oltman-Shay
and Guza [1984). Figure 6 shows that bimodal spectra, with peaks
separated by 90°, can be resolved by the estimators discussed by
Oltman-Shay and Guza [1984]. For angular separations less than
about 60° the peaks are not resolved and the angle estimated to
have the maximum power is near the weighted average of the
unresolved peaks (Figure 7). The estimator of Hasselmann et al
[1980] also resolves widely spaced peaks. Neither estimator can
resolve three peaks. It appears that present methods are
incapable of resolving the trimodal directional spectra
anticipated at the experiment site (Figure 7). The Oltman-Shay
and Guza [1984] estimator is used below.

The present analysis is focused on four overflight days of
phase 1 (17 Oct, 31 Oct, 4 Nov, 7 Nov 1984) and 8 overflight days
of phase 2 (13, 18, 19, 20, 24, 25, 26, 27 March 1985). The time
periods analyzed, significant wave heights (obtained from depth
corrected pressure sensors about 7 m below the surface), mean
currents and wind speed and directions (NOSC sensors) are shown
in Tables 1 and 2. Sea Surface elevation spectra are shown in

Figure 8. Most of the spectra are peaked arcund .07 hz (31 Oct

is an exception with a peak around .11 hz). The majority of the
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spectra are rather broad, with significant energy spanning the
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.1-.3 hz frequency band. Days with a relatively narrow spectral

R peak are 4, 7 November and 18, 24 March. t: :dk
A 2 R
I Directional spectral have been estimated for each frequency ‘ !
L . . u,‘: \',i‘: .
. band in Figure 8. For example, Figure 9 shows estimates for four RN
. RO
A NN
A frequency bands (width .0039 hz) on 31 October. The three lowest ALY
. e
r ' ~ \'"-
s bands correspond to peaks in the energy spectrum (vertical arrows L A
' on 31 October panel in Figure 8). It is reemphasized that these LR N
v “onled
v 'fL. '_.-'r )
ﬂ directional spectra are smoothed (actually convolved) versions of c;&§
: v NN
i the true spectra. Nevertheless, the directional spreads probably 'y N
s o
& provide at least a relative measure of the spreading in each NN
: s
< - LS
ﬂ frequency band. r AT
IS
' It is not practical to present the hundreds of directional € plet
+ , B
L ™ =
spectra which have been estimated. The angles with maximum :nﬁj
) . . ASRAOAR
power, and the angular spread at half maximum power are shown in A :jn:
B -'.'f.':‘
AR
Figure 10. 1In general the low frequencies show the smallest Y
: directional spread reflecting both refractive narrowing (which is ™ ?Qﬁ::
AHEN
: D
- N d
< stronger for long waves) and the well known tendency for long > };5:
v '» F.
- e )
i waves to have narrower beam even in deep water. The lowest - QF*;
3 frequencies (f<.07) frequently show a southerly approach ;: rhﬁx(
4 ECRNL S
J ESE,
ﬁ direction. This may indicate the presence of southern hemisphere :3;*
n’ RN
swell but is also consistent with the increasing importance of E; .
E .E"
¢ the banks refractive peak with decreasing frequency. Note that SRV
SIS
the measured wave directions at the tower must be modified by ~ :¢$:.
. A el
refraction prior to comparison with SAR image collected in {3 hﬁﬁ )
] deeper water. RANRSS
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i
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overflights are listed in Table 3. 'FREQ' is the wave frequency

:"\':\'t\
r: in hz. The column labeled "ANG MAXPWR" is the angle (relative to 5§§¥Q,
\"\“5*-.
ATy
y 270°) with the maximum energy. The angles listed are relative to NN
g 270°, i.e. 10° = 280°, and -10° = 260°. The column labeled "+- ,.,:;
' 1 -\."-‘. o
deg to Halfpwr" gives degrees from the peak angle to the half ff:{h
\.'._-r.:)‘\
E% power points. The estimated spectra are usually quite symetric. zggtjt
. The "FWHM" is the full width at half maximum power in degrees 'vY“
e XL,
1. ¢ -
)] (the sum of the +- degrees column). The "power"” listed is the 2.:ﬁa;
%S energy in each frequency band and is not related to directional R;:*ié
, PO
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Figure 1. Schematic of the wave shadows at Torrey Pines Beach.

The coastal sites included in the waves study of
Pawka and Guza {1983] are numbered; the NOSC tower is
site number 2.
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are smooth (cos power) functions. The responses have
been block averaged into 5° increments [Pawka and
Guza, 1983]).
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Figure 5. The theoretical response at Mission Bay Entrance

('model spectrum') to a deep ocean mixed north swell
(310° T) and south swell (230° T) condition. The
model spectrum (coastal response) has been blocked
averaged into 5° increments. Analysis is for a wave
period of 15.0 seconds., The smearing of the model
spectrum by finite length linear arrays is indicated.
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Figure 6. Various maximum likelihood estimates (MLE, IMLEP,
IMLEO) of a true bimodal spectrum [Oltman-Shay and
Guza, 1984].
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Figure 7. Estimated peak angles of bimodal test spectra with '
varying angular separation of the modes. One mode 55
(M1) has half the energy of the other (M2). Both S
modes are 10 degrees full width at half-maximum power o
Oltman-Shay and Guza 1984]. . -
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‘ Table 1., Environmental Conditions During Flights in October-November, 1984: ,,Q:
- Phase~I, Noted Times are in Pacific Daylight Time and Pacific o ::-:j
l Standard Time Before and After 28 October 1984, Respectively, N :x:'j‘
3 " d
~ Date 17 Oct 1984 31 Oct 1984 4 Nov 1984 7 Nov 1984 R
™ " :-'\'f_'
3 A
Ly h"\(-‘
i Time Analyzed 1250 - 1413 1300 - 1600 1512 - 1625 1412 -~ 1625 v
ke . A.
4 Wind Speed (knots) 15 6-8 5-7 10
\::\: "z.s
- Wind Direction (deg) ~275 ~280 ~300 ~250 £
? Mean Current (cm/sec) <5 <5 <5 ~10 ~
- (5 m below surface) g
A
Significant Wave 126 124 158 110 -
Height (cm) ™~
'y
e Alr T (°C) 17.2 7.5 18.5 17.5
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Table 3a. 17 October 1984, 1250-1413, 40 degrees of freedom. o
' s i"'{[
FREQ ANG MAXP WA +(-)DEG TO HALFPWR Fidin poven Eb'
0.492E-01 =13.0) 23 24 46.00 0. 13403 RN
0. 532E-01 ~-23. 00 13 15 27.00 0.21E+403 ne ¢
0.571E-01 -25. 00 - 16 16 31. 00 ©0.30E403 Y, o
0. 610E-01 =36. 00 13 14 26.00 O0.15E+4019 —atny
0. 6456-01 -34. 00 11 12 2200 0.B7E+04 = B
0. 688E-01 -37. 00 8 10 17.00 0.BSE+04 SRANANI
0. 72BE-01 -33. 00 10 11 20. 00 0. 3BE410A4 PO
0. 767E-01  -24. 90 14 14 27.00 O.2SE+04
0. BOLE-01 =—26. 00 15 20 38. 00 O.949E403 LN
0. 84SE-01 -3..00 13 14 26. 00 0. 18E404 et
0. 884E~-01 11. 0O 12 12 24.00 0.21E+01 PSSO
0. 23E-01 9. 00 10 11 20. 00 O0.2BE401 \
0. 962E-01 8. 00 12 14 55 00 0. 15E404 KRN
0. 100E+00 8. 00 14 15 28. 00 0. 23E404 AR GELAL
0. 104E400 7. 00 11 12 22,00 0.15E104 S Nened
0. 10BE+09 15. 00 13 14 26.00 0.21E+04 ©oNete
0. 1126400  -=3.00 17 18 34.00 0. 1206404 PR
0. 116E400 4. 00 16 10 32,00 0. 140404 NN
0. 120E4 00 9. 00 18 e 27.00 0. 126404 R e
0. 124E+00 7. 00 13 16 28. 00 0. 21E404 T
0. 127E+00 4. 00 20 o2 4200 0. 20E401 RS
0. 131E400 13. €O 14 16 29.00 0.35E404 N AN
0. 135E+00 3. 00 14 14 29.00 0.390L404 RO
0. 135E+00 5. 00 15 15 29. 00 0. 34E404 ERNTATNY
0. 143E+00 8. 0O 17 1e 24,00 0. 44E404 o]
0. 147E+00 3. 00 18 15 36. 00 0. 44E401 RN
0. 151E+00 13. 00 13 14 26.00 0.BAE404 il g
0. 15%E+00 11. GO 15 17 31. 00 0.57E404 > b .
0. 159E+00 1. GO 14 14 27.00 0. 15E405 DSOS
0. 163E400 5. 00 13 15 27.00 0. 11E40% L S
0. 167E400 9. 00 14 15 28. 00 0. 926404 A NS
0. 170E+00 4. GO 19 ARl 3500 0.42E404 s
0. 174E+00 1. 00 17 10 3400 0. 75E10A vy
0. 1786400 3. 00 20 oo 41. 00 0. 6BLA0A N
0. 1B2E+00 1. 00 16 15 36. 00 0. 67E4104 -~
0. 184E+00 10. Q0 13 14 26. 00 0. 70E401 RN A
0. 150E400 8. CO 14 15 28. 00 0. 720404 IR SN
0. 1$1E+Q0 2. 00 23 s 47.00 0.51E+04 KSADAY
0. 198E+00 1. 00 33 a5 71.00 0.A5E104 PRROOASAS
0. 202E+00 8. 00 195 15 2500 0.41E404 A
0. 206E+00 5. 00 16 17 32.00 0. 63E404 L N NN
0. 20%E4 00 0. CO 17 16 34.00 0.52E404 -
0. 213E+00 11. 00 14 15 28. 00 0.17E404 s Pon
0. 217E4100 4.00 15 o1 35.00 0.3%401 NN
0. 221E400 6. 00 23 24 A6, 00 0. SAE404 NEEONY
0. 225E+00 10. 0O 16 16 31.00 0.47E404 IRSANAY
0. 225E+400 7. 00 16 17 32.00 0.45E401 PR YA,
0. 233E400 19. 00 18 15 36.00 0.37E4104 W Cel
0. 237E+00 8. 00 20 <o 41.00 0.39E101 = -
0. 211E400 8. 00 18 19 36. 00 0. 36E401 e |
0. 245E400 19. 00 23 o5 47.00 0.30E4101 NP
0. 24SE+ QO 7. 60 22 23 44 00 0. 32E40A1 O
0. 2526400  12.00 32 33 64.00 0. 24E404 N
0. 256E+00 3. 00 22 23 44.00 0.26E104 R \SAAY
0. 250E+00 16, 00 26 25 51.00 O.21E404 ‘\f
0. 264E400  11. 00 39 A9 €2. 00 0. 256401 ~ "i.':’_"‘
0. 26BE+00 10, 00 30 a0 5%.00 0. 23E404 & E—‘#
0. 272E+400 5. 00 23 29 A7.00 0. 349E404 v B
0. 276E400 7. 00 31 2 62.00 0. 2%E404 NN
0. 28CE+00 2. 00 36 2g 73.00 0.21E404 SR AR
0. 284E400 12. 00 a5 ng 53. 00 0.22E409 NN
0. 286E4 00 12. 00 35 37 71.00 0.23E104 -
0. 252E400 5. 00 33 32 &5.00 0. 15E101 O
0. 255E400 -2, 00 on 24 A7 00 0.20E401 S AR
0. 255E4 00 3. 00 18 20 37.00 0.12¢6104 ‘e L.
L O
1-20 "
AT AT T A e T e T T T e el L S S, R S
P AT NN AP AR A A AT ST S0 PSS E SRR A el G A G 0 U P ORI SR A ol s “.—‘:'.“""‘L.L.J:A"-;‘.A.M




VAN AT W NIRRT AN R R T AT AT AN

g Table 3b. 31 October 1984, 1300-1600, 88 degrees of freedom.
NS
Y FREQ ANG MAXPWR  +(=)DEG TO HALFRWR FWHH POWER
0. 493e-01 =15. 00 a7 39 7 75.00 0. 16E+03
0. 532E-01 ~-18. 00 19 19 37.00 0.41E+03
0. 571E-01 -25. 00 13 14 26.00 0. 16E+04
0. 610E-01 =-27.0C 14 15 28.00 0. 55E+03
A 0. 645E-01 =-22. 00 19 19 37.00 0. 43E+03
0. 68BE-01 ~10. 00 12 13 24.00 O.11E+04
~ 0. 72BE-01  -9. 0O 14 14 27.00 0. 19E+04
N 0. 767E-01 -10. 00 22 21 42,00 0. 30E+04
N 0. BCLE-01 -5. 00 25 22 46.00 0. 20E+04
0. BASE-01 ~-15. 00 23 25 47.00 0. 17E+04 .
0. 884E-01. =3.09 21 20 40.00 0. 93E+03 oty
o 0. 923E-01 7. 00 16 17 32.00 0. 13E+04 o
N 0. 962E-01 10. 00 10 11 20.00 0. 30E+04 o
0. 10CE+00  12. 00 10 11 20.00 0. 48E+04 s
; 0. 104E+00  13. 00 8 Q 16.00 0. 6BE+04 I
o 0. 108BE+00 14. 00 8 ? 16. 00 0. 10E+05 2
2 0. 112E+00  13. 00 10 12 121.00 0. 94E+04 "
0. 116E+00 11. 00 8 9 16.00 O0..15E405 »__
0. 120E+00  13. 00O 9 11 19.00 0. 16E+05 NN
oy 0. 124E+00  14. 00 13 14 26.00 0. 86E+04 .
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APPENDIX II

Development and Utilization of a
Surface Energy Measurement System
in TOWARD

William D. Garrett
Naval Research Laboratory
Washington, D. C. 20375

BACKGROUND:

Polar organic molecules absorb at the air-sea interface
where they may form continuous films which modify numerous small-
scale interfacial processes. When the surface concentration of the
surface-active material attains a level where the molecules of the
surface film come into contact (about 1 mg per sq. meter), the
surface becomes relatively incompressible, a thin layer of water at
the air-water interface is immobilized, and capillary and short
gravity waves are attenuated. Consequently, backscattered micro-
wave radar signals are affected by these film-induced modifications
of the sea surface, a condition which occurs when the surface tension

has been reduced by as little as 1-2 mN per meter.

The effects of organic films on small-scale dynamics of the
air-sea interface are influenced by the film compressibility and
film flow across a surface tension gradient (Marangoni effect).
Surface tension is inherent in both of these parameters, and is itself
an indicator of the existence of a coherent organic film capable of
modifying interfacial processes. For these reasons, it was considered
important to include the measurement and monitoring of surface tension

in the Tower Ocean Wave and Radar Dependence (TOWARD) Experiment.
SURFACE ENERGY MEASUREMENT SYSTEM

A computer-operated system for the semi-continuous measure-
ment of the surface tension of seawater was developed, constructed,
mounted on the NOSC Tower, and operated during the two phases of the
TOWARD Experiment. The instrumentation included (1) a cetrifugal
pump mounted aboard a tethered raft (fig. 1), (2) a tower-mounted

surface tension (fig. 2), and (3) a microcomputer. The sensor as

well as the sampling pump were interfaced to the microcomputer. At
R I T T T A g Y R S S L RO W S S A S L S T S A S S W W S L A N
o it 2 RN PSS AL 1O GG 20 N NN O R I I N 0 A0

- Rt a s S SaA A *a R Saty 2T AR A A A DL SRR A A Pad el o et 1 B v SR A ML AT AP TR VRS A

DA ALY

‘ol

2]

%
f\I%
Y

LA

CA Ll
SR I 1,

AN
4850

N

(.

|
if)

PrElL?
‘ f?%&ﬁﬁir
WaRE S

£

L4

TN

)-
-~

rny
z

.
I
s
Pd

b
‘l
A A

R PN
oA
.’l.

h"
oF
0

..L a

.
a

5 %
! 4
“ %

‘l

h
oY)
L4

T

_'l.(\."

.

'.:'.a:'_/",
Y
At 0

b B i
.
»

b 12
5

~~

C&iw
. ali

« " a @ 8

(] o "

. et e
) [
A IO

i
FY



A (LA 4 WAL bl i S e e e \\N. ------ Y
i a.»\“\....f.u o0 ..n\f..fm o :\..\.«Mq._ .w: fm ms\\.......n... Nx cerd .Wr)nd&...\* .v~ .q\ X - 4 “\N......'\
AR AR 7(*:)} ¢J¢»..;..&..\) 3aS 3 SN et tey VaA Y% e,

O 22 Ly 224 7553 2D S5 AR a8y M wns 0 0 L) Tkl S s VR

~U‘

-
f

ALY

GORSY

Pl AN

et "ﬂf

. I-'I i

TG4
W/

=)
et

Surface Water Sampling Pump.
I1-2
R

O
Figure 1

.
I

%‘ WRTTA LN

AL
>

NI

\' -
=3

p Y v ov v e an : g - N e -
A S i S ..i.na,.fé}.‘.,._...:..,n.\(_.4 < b, ’ o XN .».ﬁ.,\\.s = .r At X

5
LA




e

XX

"Il &RS

- S

g i

F:

a2 a2

1 I AU AN

p N

-

\

a7

e BEAAH

ARk

VY

e
[ 4

2o

ol AW
‘.4‘. A 51‘.‘

predetermined intervals seawater was pumped from the upper 2 cm of
the ocean to the measurement chamber. Surface tension was measured
automatically by a computer-controlled strain-gauge sensor attached
to a hydrophilic plate in contact with the water in the measurement
chamber. A graph of the surface tension vs. time was displayed on
the computer's video screen and updated every three minutes to
present a real-time record of the relative concentration of
surface-active organic material in the surface water passing the
tower. At the end of each hour, a printer produced a hard copy

of the graph of surface tension vs. time during the previous

one-hour period.

Microcomputer and Interfaces: An Apple II-E microcomputer
with 64 k of RAM and one disk drive was used to control the
sampling pump and to take data from the strain gauge. A computer-
switchable 5-volt signal was obtained from the game controller

IC socket of the computer to operate an optically isolated relay
which controlled the AC power to the pump. Two analog-to-digital

converter cards were used in the microcomputer, one to read the
strain gauge signals, and the other contained a clock to determine
the actual time of sampling. A 10.2-volt signal was taken from
the A/D strain gauge card to energize the Wheatstone bridge

circuit of the strain gauge.

Measurement Strategy: Figure 3 illustrates the typical
sequence of events during a 3-minute measurement cycle. The upper
part of the figure depicts the voltage reading on the sensor; the
lower portion shows the corresponding water level in the measure-
ment chamber. Beginning with a nearly empty sample chamber to
which the pump has just begun to send water, a constant voltage
reading is observed due to the plate hanging in air. The water
rises until it contacts the plate, at which time the plate 1is
pulled downward by the surface tension of the seawater causing a
rapid increase in voltage output. The water continues to rise in
the chamber to the level of the overflow port. This results in a
reduction of the voltage output of the sensor because of buoyancy
of the plate in the seawater. As the water flushes through the
chamber and overflows, a noisy, constant voltage signal results.
When the pump is switched off by the computer, the water drains
slowly from the chamber, and the buoyancy effect decreases as less

of the plate is submerged. Once the bottom of the sensor plate is
11-3
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% level with the water surface, only the surface tension force is E&z

. operative,. As the water level continues to fall, the plate 1is fj “*

k detached from the water surface, and the maximum force is recorded. -~ 3?:

ﬁ Subsequently, a steady voltage due to the weight of the plate 1in ;{ ;Et'

2 air results and is recorded. The difference in voltage between N E?:t

‘ that due to the maximum pull on the plate and that due to the - _.;

3 weight of the plate in air is directly proportional to the surface jf ;Ei

; tension of the water in the chamber. Appendix I is a flow chart - Az;'

N of the computer program which controls the Surface Energy 2 t;i

i Measurement System. - —

£ GoE

? IN SITU SURFACE TENSION MEASUREMENT AND INSTRUMENT CALIBRATION - e

- RS

] A series of laboratory calibrated spreading oils were used N &:w

i periodically to determine the seawater surface tension in situ for tf Fﬁf

:: comparison with the Surface Energy Measurement System (SEMS). "~

S Special events such as natural slicks associated with kelp or :i

ﬁi internal waves were given particular attention. In addition, a X

' du Nouy, ring-type, interfacial tensiometer was employed to :E

:f measure the surface tension of collected, film-free surface

% seawater at constant temperature (T) and known salinity (S), as ;E

0N a test of the empirical expression, i

i Surface Tension = 75.64 - 0.144T + 0.02215S,

where T is in degrees C and S is in ppt. This expression was
found to be accurate to within +/- 0.1 mN per m, the accuracy of
the tensiometer. Thus, data on sea surface T and S can be used
to fine tune the surface tension data determined by the other

methodologies employed in this experiment.

The SEMS was calibrated and its efficacy verified by spread-

ing know monomolecular films upwind of the floating sea surface

sampling pump, so that they would drift across the unit and be

SPAFAFC Rl AT MR R B e /| WA LML NS

. DRI )
collected and sent to the measurement chamber. Figures 4 and 5 I\ th
. are computer-generated plots of surface tension vs. time for b;\%
- (g,
> periods during which the calibration slicks were deploved. Surface }- A,
» ) ¥ F
iy tension reductions recorded apreed well with the known values for s AT
) L)
" LA
- the monolayers applied to the sea surface. In the case of the ™~ ;uﬁf
&, '.\ “~
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surface film was just large enough to pass the collection unit

for one pumping cycle. There was a residual effect of the collected
surface-active material for only one subsequent measurement cycle,
after which the system appeared to have flushed completely, and

the surface tension returned to a value near that of clean seawater.
In the case of the glycerol trileate, a very large slick was
produced, and the effect of the monolayer was measured over a
number of measurement cycles. Two examples of documented natural
surface events measured by SEMS are depicted in Figures 6 and

7, representing natural slicks from kelp and possibly from an

internal wave convergence zone, respectively. In the case of the

nonkelp slick (figure 7), calibrated spreading oil measurements

yielded a surface tension reduction of 12mN per m at 10-08-1435,

a value close to that measured by the SEMS. These results indicate

that the SEMS accurately measures sea surface film tension 1f the
surface-active layers are sufficiently large to cover the sampling
unit during the pumping cycle, even though the system does not
provide a direct in-situ measurement. Futhermore, it has been
demonstrated that a one-molecule-thick film can be sample from the

sea surface and its surface tension value accurately determined by
the SEMS.
DATA QUALITY AND PLANNED INTERCOMPARISONS WITH OTHER TOWARD PRODUCTS

A catalog of surface tension data taken with the SEMS for both

TOWARD experiemental periods, 20 September to 3 November 1984, and

8-26 April 1985, 1is attached as Appendix II. These data have been

normalized on the basis of corresponding in-situ surface tension

measurements made with calibrated spreading oils. The SEMS data will

be additionally fine tuned to account for seawater surface temperature.

Although we have temperature data for many days of operation, it will

be necessary to obtain the missing values from other investigators.

It should be noted that the SEMS acquired surface tension data at

approximately three-minute intervals. Only periods with generally

acceptable surface tension values are listed in the catalog.
About 5% of these data are suspicious and require additional

examination because of possible artifacts associated with the

measurement system operation.
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APPENDIX III

WAVE FOLLOWER MEASUREMENTS DURING TOWARD 84/85

Paul A. Hwang
Ocean Research and Engineering

La Canada, California 91011

FOREWORD

As a part of the TOWARD experiment, the wave follower
measurements were to provide, among other things, ground truth
of short waves for radar backscatter and SAR imaging groups.
This report presents a short account on the scope of the measure-
ments and the progress of the data anmalysis. The report is
intended for internal use of the TOWARD investigators. The
purpose is to specify the available data sets, define the
analysis in progress and provide up-to-date results to potential

TOWARD users.
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i 1. INSTALLATION AND INSTRUMENTATION ::. !
R,
i U
l . The wave follower assembly was installed on the south extension structure - =
b of the NOSC Tower (see Figure 1). The assembly was placed 20 feet away from ;::f"
'l-".
; N the tower structure and connected to it by a catwalk. The details of the wave :;,‘:{
4 L) . . . . e
’ ) follower and instrumentation are presented elsewhere (Shemdin, 1980; Shemdin INT-
5 "
I and Hoff, 1986). The following gives a brief description of the system. E "
i hd
e . . . W\
e A set of instruments were installed at the bottom of the fixed structure : ANy
. . . . . ’ . 20y
" .t (see Figure 2) to provide long wave directional measurements. For this pur- f.‘\_\ﬁ
ool o
A pose a pressure transducer (a) and a two-dimensional E-M current meter (b) were :-r.:-'
i used. it
. !" . -\.-
- A Y ey
: ~ On the moving frame (also referred to as C-frame), four instruments were -_{:::
X " mounted, as shown in Figure 3. Of these a capacitance gage was used as an ,"{:-:::::
N . . . . e
-i '& elevation control sensor (c). This sensor provided the feedback signal to the E-.fs'f
; servo-system to maintain the C-frame at a fixed elevation with respect to the E‘)’;.f;_
] : instantaneous water level. A two-dimensional E-M current meter (d) was mounted \3".,"_"
” 'J" . . Seyteitd
r on the lower arm of the C-frame to provide the two horizontal components of e
» QAR
. . . . . A
i i the current. The two-dimensional optical wave slope sensor (e) and the optical F‘:;:-
‘ wave height sensor (Reticon camera, (f) were both used for measuring high fre- j:_\z,
4 ‘e
A quency short waves. Both optical sensors used the 10 mW laser (g) that was :.:::;.;
s RSN
7 mounted on the lower arm of the C-frame for a light source. DAY
: waed
. E The wave slope sensor was calibrated in the laboratory before and after [‘
r F e
¢ each experiment., Light refraction at the air-glass interface was used to
4 LA
A simulate refraction of light at the air-water interface (see top insert gof e
v Tt
E g Figure 4), The magnitude of the refracted angle, was varied by moving the j.:-‘_'.::.
| . glass lens horizontally. By rotating the lens on the horizontal plane, changes -
I AL
. 3 in azimuthal angle, ¢ were achieved (see bottom insert in Figure 4). A e
o) A
2 typical calibration result is shown in Figure 4. Averaged over the azimuthal SO
L) y S
I‘ " - . Ny
. f: angles, Figures 5a, b show the calibration curves for phases I and II of the r.;.“.
4 experiment, respectively. The uncertainty is estimated to be the lesser of o
s . . . . S SN
N . #0.5° or +13% in the range 0 to 30° in water surface slope. This result S
“ ) AAIRS
N is derived from phase II calibration tests where eight repetitions were ::
% "‘? performed. Only two repetitions were performed in phase I calibration tests. ‘_":
: pE
. RN
. ’.:V i
" AN
‘. ; -‘:\..Q:
- DA
:.' :J‘\-':-
ki . 111-1 u'f\k
& :
’ “~ -~
2 o
e e e e e RN
R L e L o e 4 L 3 S (2 ot e e
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Figure 1. Photographic View of the Wave Follower Structure. . T
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2., DATA REDUCTION

. During the two phases of the TOWARD experiment, more than 130 hours of
data were recorded, from which 20 hours of data were selected for further
studies. The criteria of selection were based on periods of aircraft flights,

periods of stereo-photo sessions and range of wind and wave conditions. The

x>l

X eavironmental conditions varied from steady (for periods of at least 30
- minutes) to transient (either in wind speed or wind direction). The waves ':_f{.va
A .

L ranged from large swell to strong local sea. Tdbles I and II list the \::E
K- oY
N conditions of the data segments that were digitized. At the time of this data .w_:f:::._‘
- a )
n f;_ compilation, the swell information had not been completed; it will be included &'A"ﬂ

. in the final report. In Figure 6 the distribution of data segments versus ‘v.}‘.?
N N N . . DENS
P " wind speed is shown. In phase II, two storms swept through the tower region .ctf:.r;
y - AN
: which generated wind speeds up to 25 knots (12.5 m/s). The latter events -,\__I'cﬁ
Al AR Y
o é broadened significantly the range of wind gpeed measured. ;___ ‘
L) _':\:,-
: o Table I. Data Segments Recorded in Phase I. ,:-:j:
. ) .":"o.
: ,::"j
2 Pacific* Wind Wind Stereo L Zu
, . Date Time Speed (m/s) Direction Photo Flights L\ra
¢ RESLR
s o
e Lt
< $ 10/17/84 1315 - 1345 7.5 285 cv990 RO
< 10/20/84 1355 - 1455 6 265 e
‘ 2355 - 0025 4 120 It
a 10/29/84 1435 - 1505 5 300 E;""S
o 1520 - 1550 4.5 300 Sy
- 10/30/84 1535 - 1605 3 290 RN
S 10/31/84 1030 - 1100 2.5 235 s
NN 1300 - 1600 3-5 280-300 4 Series Cv990
< F4
L e 11/03/84 1820 - 2045 2.5 270
A ) 2330 - 2400 3 25
. 11/04/84 0030 - 0130 3 10 _
- 0945 - 1230 2 220 1 Series F&4
" y 1530 - 1630 3 300 2 Series
. 1835 - 1930 1 175 oy
2320 - 2350 2.5 0 r
Y 11/07/84 1625 - 1655 4 260 3 Series  CV990 e
e T
: :t‘\fsl
. *Pacific Time is 8 hours lag Greenwich Time. J.‘:._‘
» ‘rJ . ol
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2 Table II. Data Segments Recorded in Phase II. - ,“.f:'::j
, oo
) RN
Se
Wind Wind Stereo - E-._g.
i Date Time Speed (m/s) Direction (°) Photo Flights > .:'ﬁ
RS ‘E
3/19/85 1400 - 1530 6 260 Ccv990 N N
S F4, OV-1ID
3/20/85 1000 - 1130 6 330
! 3/21/85 1450 - 1500 3 310 1 Series F4, OV-1ID
r, 2030 - 2230 0 d
- 3/22/85 0340 - 0410 1.5 90
- 1145 - 1215 3 290 2 Series
~ 3/24/85 1330 - 1400 3 270
3/25/85 1120 - 1150 5 235 OvV-1D ——
) 1340 - 1700 7 240 ARG T
. 1730 - 1800 6 230 RO S
s 1940 - 2010 2.5 180 o~
v 3/26/85 1011 - 1140 4 210 4 Series F4, OV-1ID R0
. 3/27/85 1020 - 1050 8 225 1 Series NS
f 1330 - 1530 94 225 cv990 b,
" 3/28/85 0930 - 1130 12+ 225 2 Series RO
;’ 4/1/85 2100 - 2230 0 SRR
a NN
Y AR NS
j \'_'F-.:-.
IR N
3. WAVE SLOPE DATA ANALYSIS .l t:i‘
. e,
- The SAR committee assigned "priority" to the L-band SAR flight of - ::’_:-f_.
J -, | ...‘
.‘. October 31, 1984, 1300 to 1500 hours local time. The wave follower effort was - ,:_,%:
directed to study this particular data set. A sample of the capillary wave - ""-:1!:
. . e b
. slope data are shown in Figure 7. Here, Ny denotes slope in the ~ .::,‘\-_,‘
» L) J. /
upwind-downwind direction, and ny denotes slope in the cross-wind ::"$
« &
: direction. The surface displacement of long waves, n, is measured by a "J}.: ‘::’:
b LAY
' submerged pressure gage and is also shown in Figure 7. The gtarting time for 'E"'"
L) - e .
: this data series is 1300 local time. The wind speed at this time was 3.5 m/s : ~\":"
R ANCS
X and the wind direction was 280°. The swell period was 8 to 10 seconds, from -‘-i::..'
¢ K L
) direction 290°, The swell significant wave height was 1.2m. The variance of ~ ‘:,E}_}
- RO £
slopes in the two directions was found to be very similar (ni =3.72 x 10 3 - BNy
n and n‘:; = 3.78 x 10-3). In the following the results of analysis, up ol T
to date, are described. - r":.\f'
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3.1 The Probability Density Distribution of Wave Slopes

The probability density functions, PDF's, of the two slope signals are
found to be somewhat different, as shown in Figure 8a. As observed in
previous studies of sun glitter (Cox and Monk, 1954), the upwind-downwind
component of slope is more skewed compared to the cross-wind components. For

this wave record, the skewnesses, defined as

— [ —\3/2
ST
—_— ——\3/2
173 7
%y ["y /("y) J (2

were found to be -2.04 and -0.60 for the x- and y~components, respectively.

and

In Equations (1) and (2) the means of the signals are zero and the upper bar
indicates time average. At low wind speeds, such as prevailed in this record,

the PDF's are typically narrower than normal distribution. The peakness of

distribution is defined as

—_ —\2
_ 4 2
and
—_ —\2
4 2
= . 4
Ky = 0y /("y) (4)

They were calculated for these records to be 10.94 and 19.02, respectively.
The normalization factors in Equations (1) through (4) are related to the
variances of the two slope components, which as indicated before, are very
close in value. The standard deviation is equal to the rms slope which
becomes 0.061 (or approximately 3.5°) for slopes in both directions. From
Figure 8, it is obvious that most waves have slopes less than or equal to

10°. There are, however, long tails on both end of the PDF curves. Here
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slopes as high as 28° (excluding "dropouts" from the measurements - discussed

later in the report) were registered. There is considerable interest in these - < "i\
high slope tails as they appear to correlate with the specular component of ~f: ‘:,\ir'\i‘
radar backscatter signals. ::::ﬁ:l
O
In the subsequent analysis, we apply frequency filters to the slope :-',I ':::.:"'-'
signals. Figures 8b, ¢, and d show the PDF's for the 2.5 Hz low-pass filter, - b
2.5 - 7.5 Hz band pass filter and 7.5 Hz high pass filter, respectively. For .:‘{ ::’:E:
comparison, the rms slopes used for normalization of Figures 8b, ¢ and d were - ::E:,‘\\
those used for the unfiltered signals (Figure 8a). Comparison of these three :3 -__%?:E
plots indicates that the skewnesses of PDF's are mainly contributed by the low -~ :;‘J
frequeuncy range, or frequencies less than 2.5 Hz in the wave spectra. The t:_ ::f{
steepnesses of these waves are generally small (less than 7°)., Waves in the - :-.\-,';'-"
middle frequency range (2.5 - 7.5 Hz) show more symmetric slope distributions o ":;‘:;'r
fsee Figure 8c). Here the wave slopes are still low (less than 7°). The E’: .;-; .'

similarity of the upwind-downwind and cross-wind wave slopes in this middle
frequency range indicates a more isotropic distribution of short waves.
Finally, from Figure 8d, it is clearly shown that the steep components of wave
slopes come entirely from the high frequency waves. The characteristics of
long tails and narrow distributions in Figure 8d are similar to those of the

unfiltered signals, Figure 8a.

The PDF's in the mid- and low-frequency ranges are very close to Gaussian

.

when normalized by their respective rms slopes, as shown in Figures 9b and c.

L
:-.‘ RSLYAS

. . . A . . - / o,
The distribution of the high frequency waves is very narrow (see Figure 9d). .-:ﬁ:;-:
AN,
The unfiltered PDF is shown in Figure 9a for comparison. Table III shows the ' S:-;‘-;z
LCAS
partitioning of variance in these three frequency ranges as well as the ~ ‘.'s’_:x.
skewness and flatness (kurtosis) statistics. From this table the following - S d_
~ ‘e
, # EaNs
observations are noted: NN
e 1SNt
5 4
(a) The ratio of nx/ny varies, 2.17 at low frequency, 1.29 at mid-range, N SN ’
and 0.65 at high frequency. This reflects the gradual change from 2
TGS
two-dimensional (organized) long waves to a more random short wave ot .}'::\_.
- AR
distribution. The ratio 0.65, at the high frequency end is somewhat S ::.\"\
L) :
puzzling. The time series in Figure 7, (also, the drop-out 3 t.-:
A N ]
statistics which will be discussed later) suggest that the - :L. .
N
. . . )
cross-wind component of wave slope may contain more noise compared . ‘;,,'_“J’,.
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PDF of Wave Slopes, Normalized by the Filtered Variance,

2,5 to 7.5 Hz Band Pass Filtered.

Figure 9c.
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to the upwind-downwind channel. A more realistic ratio would be 1

for an isotropic short wave field. More analysis of data is needed

to confirm this observation, and is planned.

(b) The skewness of the filtered signal is generally smaller than the
unfiltered signal except for the high frequency component in the
cross-wind direction. The small magnitudes of skewness in the low
to intermediate frequency bands of the cross-wind slopes indicate

possible two-dimensionality of these ‘waves, i.e., long-crested waves.

(c) The flatness (kurtosis) estimates show an increasing trend toward

the high frequency wave components. At the low frequency end, the
magnitude is close to that of a Gaussian distribution (for which,
the kurtosis is 3). An increase above this value indicates a
tendency toward a narrower-band frequency distribution. The larger
the magnitude of this statistical measure, the more the occurrences
of very large and very small wave slopes, compared to a Gaussian

distribution.

Cox and Munk (1954) found from their sun glitter measurements that the
skewness in the cross-wind direction (their C,p = 0.11 ¢ 0.03) is less
than the upwind-downwind (Cy5 = -0.42 * 0.12) at high wind speed (14 m/s);
and relatively small (nearly zero) at very low winds (velocity unspecified).
The flatness (peakness in their terminology) estimates from their measurements
shows higher cross-wind (C40 = 0.4 + 0.2) than upwind-downwind (C04 =
0.2 * 0.4) components. These results are consistent with our present
measurements. Our frequency decomposition analysis, however, indicates that
the distribution of wave slopes at different frequency bands are quite
different from each other. More detailed studies on wind speed and swell

dependence, and of longer time series, are forthcoming.

3.2 Longitudinal Variation of the Slope Variances

For the SAR and radar return studies, the longitudinal (or spatial)

variation of short waves along the long wave profile is of considerable

interest. The period of the swell on October 31, 1984 was in the range 8 to

10 seconds. In Figure 10 the mean square slope Vn2 = (ni

+ ni), calculated
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from one second record length, is plotted in relation to the long wave
profile. The large variation of the short waves at different phases of the
long wave is clearly demonstrated. The maximum and minimum of the mean square

slopes (one-second-averages) are found to be 1.42 x 10-.2 and 2.23 x 10—3,

respectively. The mean value is 7.5 x 10_3. The fluctuation is nearly 100%
of the mean. When the small steepness of the long wave is considered (Hs =
1.23m, T, = 9s, the "average' slope is approximately 0.0l) the modulation of
short waves is approximately 100 times that of long wave slope. Such a high
degree of modulation is indeed significant. The local maxima of the slope
variance generally occur near wave crests. It is noted that secondary maxima
occur (not necessarily of smaller magnitudes) between the long wave crest.
The peaks that appear above the wave troughs are located at 12 and 20 seconds
along the time record. The strong local disturbances and secondary peaks
suggest nonlinearity of short waves and possibly instability along the long
waves. This observation of large modulation of short waves by the

low-amplitude long waves is difficult tc explain by a two-scale model such as

that proposed by Longuet-Higgins and Stewart (1960) and Longuet-Higgins (1969).

In Figure 10 the number of data points that have a slope magnitude 0.5 or
greater (this value is close to the theoretical wave breaking limit) are shown
in relation to the long wave profile. These points are denoted as
"dropouts."” They bear a relationship to breaking waves. Note that at the
time of this writing, the dropout count includes those points that have a
negative slope less than -0.5. For correlation with breaking waves these
points should be excluded. The mean square slope results shown here do not
include the dropout points. The raw data had been edited by replacing the
dropout values by the mean value of those points before and after the dropout
group. The largest single group of dropouts occurs betwcen 14 and 15
seconds. Here, a consecutive fourteen data points exceeded the threshold

magnitude.

3.3 Wave Slope Spectra

3.3.1 Measured Frequency Spectra

The frequency spectra, shown in Figure 11, give the energy distribution

of wave slopes at various frequencies. Both the upwind-downwind and
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cross-wind slope spectra are included. The slopes of the spectra at the high
frequency ends are both approximately -1.2. Similar to what was observed from
the probability distribution of waves (Section 3.1) at low frequency, the
spectral energy level in the upwind-downwind direction is much higher than in
the cross-wind direction. The two curves gradually merge together at a
frequency close to 10 Hz. There is a sudden step up of energy level in the
cross-wind component at 23 Hz. A plateau is formed which extends to 43 Hz.
Beyond this frequency the spectrums follows a -1.2 slope again. The region of
the plateau and the elevated energy level in the cross-wind signal cannot be

properly explained at the present time.

The frequency spectra computed from one-second data segments are shown in
Figure 12 in relation to phase location along the long waves. Different
shapes are observed at various phase locations along the long wave profile.
Similar to the distribution of mean square slopes, such variation demonstrates
the modulation of short waves by the long waves. Inspection of each
individual spectrum indicates that near the trough regions, the
upwind-downwind spectral slopes are generally smaller (flatter), with slopes
ranging from -0.6 to -0.2, compared to other regions. The combination of the
low mean square slope and a broad spectrum at the trough region implies strong

interaction between wave-induced current and the short waves.

3.3.2 Conversion to Wave Number Spectra

For the SAR imaging and radar backscatter applications, wave number
(versus wave frequency) spectra are more useful. Conversion of wave
information either from time domain to space domain (Evans and Shemdin, 1980),
or from frequency domain to wave number domain (Hughes, 1978; Atakturk, 1984)
is not a simple task. After reviewing the various methods reported, the
method employed by Hughes is adopted for this study. The method was discussed
in detail in his paper of 1978. Briefly, the spectral energy at a particular
frequency G(o) do has its contributions from all wave numbers and wave

directions that satisfy the Doppler shifted dispersion relationship.

°=00+E.5’ (5)

II1-26

s x'. ‘.\..‘l.";"l.:

o

.
AR
.

¢

i
’.l ,u
ot

Ta
e
S5
l"’l'.

.
>

)

Nyl

s

Y

'.‘.,'n{’u
24
AR

SN Y
s
XA
A

[
L4

o -

L
"

A

Y

“»

PR \

'."n
’

-~
.")

L L

»

L3

hJ

»

)
<



o it g LY A > e M e bty 4. L 28 29 v b » AR ” NI
b
o
k
F
vl :
o 3 < g
<.
) f - o
——— eI
o —— —— o
‘4‘ '1 O AW
ey | z =0
e o . 5 o [ ) :
15 = 7° £8%
'K — O == o -— 0 — o
N I 80
». £
; © ~
(‘ ___v‘ '_‘ 'D (u
- |- == qJ2 =t
; ———— e —— e, .
[ (=] ——— e o ’/ W e~ o
P 5 . ! R
Y N - J o og o
= -2 TR T |
- < ~ = 88
L e B = 2 wac
E _— o - w g
—_———a—aa—0 O > O
. = goo
.
o - U g~
< © o I =}
o e o g5 o
- —===. o I - ? ‘é
-] e, O = n @
= o [0 =}
| “eg
o - — . W
N < ———t P ] o
: o o - 3%
K u m —g
. ©
. ) . - — b
E-, - =8 = de R
o _éi.__c p—_ S P o o g
< . = a o
‘ i n A
;e ‘/ < (1] [\ "é
~ = o - ) Nas
r - b —
I':‘ — - é - v '3 ;
(-] o How :g.
. j— 2 o0 —~
- - [ T
? S —_—— o = N e~ ©
“_-;- - — - N
= o = oIl
)
>
r Q
15 { > -
) 5 < w /
s ¢ ’
4—‘;; e * -*e 8 ;/
= o _ér o~ °
" — —_ s —
L 2 “ L
.2l
g8
o
I11-27
»
A

0505 506 1)

\'4- v'\ X \\,, -r .~$.~‘.r\.:\.-__«-%.:‘.v.-.-__.:s.-_‘a_‘.-\f.-.-‘(‘.r“

RS

o yte %
B

XS AR cX oY

B
N
- g
RO NANLY
- LN e
. 3
\z\.'\..\f,'. N
a .



Za

AR BERS S L C T T

-

A AT NS Ny

SWRIs L

L

LAy b

K

- kY

Cem

A Se

Labath S A A A A o & pik ot Wl il B o Vi S ity 'R, Sl "R RE SR T KA N DAL A e i Pl S O T A

and can be written as

G(g) do = J[/'F(k)D(e) B(k,8) §(o, k, u, ) dedk , (6)
k

where ¢ is the encounter frequency of the short waves, o, is the intrinsic
q y 0

frequency, explicitly expressed as

02=gk+ 1k3 s ! (7

k is the wave number vector with magnitude k and direction 6, u is the
current vector with magnitude u and direction a, F(k)D(g) is the wave
number spectrum with k and 6 dependence assumed separable, B(k,8) the

weighting function, its form depends on the type of signal analyzed. More

explicitly
1 for wave height spectrum (Sn)
2 2 . ,
k“cos"g for upwwind/downwind slope spectrum (S )
2 .2 .
B(k,8) = k“sin"g for cross-wind slope spectrum (S )
y
k cos 8 for height, upwind-downwind and cross-spectrum (Snn )
X

k sin 0 for height and cross-wind cross-spectrum (Snn ),
y

6(o, k, u, 0) is the delta function such that when k satisfies the
dispersion relation (Equation 5), the value is 1, otherwise it is 0; g is the

gravitational acceleration; and 1 the surface tension of water.
Equation 6 can be written in matrix form

g=4Af, (8)

where g is the vector of which the elements are frequency spectral density
G(o), f the corresponding wave number spectral density F(kj), matrix A

connects g and f and with elements aij expressed as

. E D(e,) B(k.,0.) k. Ap.
1) ] 173 ) )

(k,e)j

ak
a 30 ’ (9
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o<t
particular frequency ¢, and current u. Note that in Equation 9, the ';::.{:i:
! absolute value of 3k/3oc was used since do on the left-hand side of .g,:.
. _
Equation 6 is the frequency "width" such that G(g) do is the spectral &"\]% "
. L) '\J.
ﬁ' energy at frequency o, and kdédk is the integration "area" such that the ;':*.‘
expression on the right-hand side of Equation 6 denotes partitioning of N "
R ¥
r G(o) do in different wave numbers. Both the "width" and "area" need to be o
. : IR R
& positive. F AN
Vo ,.\',
vy
-, The algorithm developed was tested with a hypothetical spectrum and found TN
to be satisfactory (details in the Appendix). In application to the measured o =5
- data, the frequency spectra calculated from one-second records (Figure 12) f-..;-_:,-‘a,
S . . ] BT
'3_“' were substituted for g vector in Equation 8, the matrix A was readily :‘,’-.
— "\ LN I.
constructed with a given directional distribution of the form ;\','.‘-f._-
. N ACAC S
@ P ;'::‘_’l‘!l.
D(s) =cos 8 6, <p <0, . (10)
1 2 NN
Iy R . , A AT
c$ In the following presentation, p = 2, 8, = -n/2, 9, = 1/2. The necessity of :-;::i‘
W RCRAN
prescribing D(0) is believed not to be a serious handicap since the ":;:ﬁ
RN AR AT,
i measurements of n, and n, provides partial information of wave Yy
directional distribution. Possible forms of D(8) were suggested by Hughes -.:‘".:7
Sl
E; (1978) and Phillips (1985) among others. In the TOWARD Experiment, :-'{(:)'
- et d]
> stereo-photo pairs were taken at different phase locations along the long ':’:.":'.’
P ek
wave. The stereo—photos are currently being analyzed. The results will :'...'('»‘fta_.i
E clarify much of the uncertainties on the directional distribution of short ‘j‘- e
ot
waves. The inversion scheme developed is flexible and can accommodate any ix‘;{.‘té
é; form of D(8). For a preliminary computation Figure 13 presents the results ;,'}_".-;3
4
Drarat

of spectral conversion from frequency to wave number. The wave number spectra e

:-S.‘ (of wave height) F(k) showed more similarity in spectral shape along the long .$:.,:.::
tn wave profile compared to its frequency counterpart. The 39 consecutive wave :E_:;\-,-\
’E number spectra (only 21 presented in Figure 13) all can be fitted to form ::"-\;E\
k—-a, with the exception of 1, 2, 10, 11, 19, and 20. The wave number ;.,Y
o spectra that deviate from k“4 occur exclusively in the trough regions of E:T.-,‘
‘.:}' long waves and appear to have low mean square slopes. For some wave troughs :E'._E:E
(segments 10, 11 and 19, 20) the wave number spectra still have the K4 :?:::ﬁ‘_’:
L shape at the short wave range, but the energy contents of the longer waves are ..,c '3-'

congiderably less. The fact that nearly all the wave number spectra are
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The wave number spectra converted from the cross-wind slope are less
uniform, but still show consistent agreements with those obtained from the
upwind-downwind slopes. The averaged wave number spectrum over the entire
profile of long waves also shows the k-a dependence, as shown in Figure 1l4.

s

4, DISCUSSION OF RESULTS AND CONCLUSIONS

In this report, we have presented the analysis of short wave modulation
by long waves based on the two-dimensional wave slope measurements conducted
in the TOWARD Experiment. At the time the present record was acquired
(10-31-84, 1300 Pacific Time), the wind speed was 3.5 m/s, from direction
280°. The swell recorded had a period in the range 8 to 10 seconds and a
significant wave height of 1.2 m. The swell direction was from direction
290°. During this period the wave follower performed exceptionally well.
Based on this criterion of data dropout (tans > 0.5), the data quality in
the upwind-downwind direction is considered excellent (with dropout rate of
0.47%. The cross-wind slope data quality is considered good (3.49% dropout
rate). The accuracy of the slope measurements was *0.5° at small slopes and

+13%Z of steepness near 30° (Figure 4).
The results from this analysis shows that:

(a) The probability distribution of the upwind-downwind slope is
skewed. The most probable surface slope is approximately
0.7 degrees. Although the distribution is bell shaped, is is much
narrower than Gaussian with a flatness factor of 10.94. The PDF of
cross-wind slope is more symmetric and narrower (see Table III).
When frequency filters are applied, it is obvious that the skewness
comes from the low frequency components while peakness comes from
the high frequency components. Furthermore, the large steepness is
derived exclusively from waves with frequencies higher than 7.5 Hz.
Slopes of waves below 7.5 Hz seldom exceed 7°. The ratio of
qi /ni for the unfiltered signals is close to 1, but differs
considerably in the different frequency regions. The range is from

2.17 at low frequencies (<2.5 Hz), 1.29 at mid-range (2.5 - 7.5 Hz)
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and 0,65 at high frequency range (< 7.5 Hz). The PDF distribution
is closest to Gaussian at low frequency, and most symmetric in mid
range. The similarity of the normalized PDF of the two slope
components at mid-range (wave lengths from X-band to L-band) is
illuminating (Figure 8¢). ‘

The frequency spectra averaged along the long wave profile display

1.2 in both upwind-downwind and cross-wind directions

the form £
(Figure 10). This implies a close to‘saturation condition even at
3.5 m/s wind speed condition. Similarly, the averaged wave number

spectra show the form k-4 (Figure 13).

Strong modulation of short waves by long waves (Figure 9). The

magnitude of modulation is nearly 100 times of the long wave slope.

The frequency spectra are not only subject to the amplitude
modulation similar to the mean square slopes, but also show
significant variation in the spectral slopes or equivalently the
spectral band width. The spectra are considerably broader over the
trough regions where the wave induced orbital velocity is in the
direction opposite to wind direction. The broadening of spectra in
an adverse current region implies active interéction between the

wave induced current and the short waves.

The observation in (d) are also seen in the coanverted wave number
spectra along the long wave profile. While at most phase locations
along the long waves profile a k-a relationship is observed,
deviations from such a form is observed in the trough regions. The
appearance of a saturated or supersaturated spectrum suggests that

fast regeneration of modulated short waves is effected by wind.

The results discussed are based on a relatively short record

(39 seconds). Subsequent computations on longer time series did not change

the above observations, except in minor details. In the continuing data

analysis, we expect to develop schemes for ensemble averaging for better

statistical representation, and also to include various environmental

conditions.

There is no doubt that more information can be extracted from the

wave-follower data sets acquired in the TOWARD Experiment.
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APPENDIX ~ CONVERSION OF FREQUENCY TO WAVE NUMBER SPECTRA

The scheme for the spectral conversion from frequency to wave number

domain described in the paper was tested using a hypothetical k-a spectrum.

The frequency spectra for different current velocities were calculated
. . . 2
directly from Equation 6 with D(¢) = cos" 6. Two ranges of ¢, + n/4 and
+ /2, were used, but no significant difference was found. The results

presented in the following is for - n/4 < 8 < u/4.

The treatment of the dispersion relationship (Equations 5 and 7) is

slightly different from that of Hughes (1979). 1Ia the original design,
Hughes, based on the symmetricity of spectrum, chose to replace on the left
hand side with * g, and adopted both roots of the right hand expression in
Equation 7 (here, surface tension is set to 0). This approach makes no
difference if u > 0, since the two roots are symmetric with respect to the
vertical axis. However, the RHS of Equation 5 does have two roots of k, the
larger one turns out to be one of the three roots for the negative current
case (Figure A-1). If mistakenly chosen, the results of conversion can be
very different. We reasoned that since ¢ contains the information of the
direction of wave propagation, in whatever coordinate system chosen, if ¢ is
for the forward propagating waves, -g is for the backward propagating
counterpart. For a reasonable wind condition, the major propagation direction
of short waves should be obvious. Putting equal weights on +¢ and -g
implies equal waves travel in either direction, which is against our concept
of wind wave generation. The minus sign was therefore eliminated, and the

directional information was left to 6.

One more complication for the reverse current case (u < 0) should be
mentioned. As shown in Figure A-1, there are regions (in frequency) with
multiple roots of wave numbers. Translated into the matrix equation, this
means that for the region of monotonic k-o¢ relation, the submatrix is
square, but for multiple roots region, the submatrix is not. Augmentation of
this rectangular submatrix is necessary to enable matrix inversion. This can
be done if more measurements are available. For example, Ny and ny measure-

ments provide three independent set of spectra: Snx, Sny, and Snxny and

I111-37
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ﬂ} can supply enough equations for as many as three roots in the dispersion AN,
. . . . et
curves. If high frequency wave height measurement is also available, two more :“Abf_,
. . »-.
! independent spectra, Snnx’ Snny can be added. (Sn’ Snx, and Sny are linearly ‘:"2 ?“S
dependent when wind and current are in the same direction, since then ;t \jn
el
g (S“x + Srly = kzsn). An alternative to the matrix augmentation is to select a %_G:i:'
L3 . . *
representative wave number for each multi-root frequency (this can be a N
c’ weighted wave number since the weighting function B in Equation 9 gives the 5)“?“5‘"
. . . . . IR
o information of the relative contribution of each root to the total spectral }i:,;,?
. A INEH
s energy) and still maintain a square matrix A. The alternative method is ,Zii:z;
- = EASUNCA N
Ei useful when not enough measurements were available or the data quality of sl

various measurements are much different, and propagation of error into the

b: high wave number region is not desired. The latter method was used in the
field data conversion presented in the text. The following shows the
> conversion of the hypothetical spectrum using matrix augmentation.

Figures A-2 to A-5 show the pairs of spectra for u = 0, 40, -60 and

S

=100 cm/s. In each figure, the left hand side (plot a) are the frequency
spectra directly calculated, the right hand side (plot b) is the inverted wave

number spectra. The recoverage of k-a spectra is readily seen.
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APPENDIX 1V

The propagation of short surface waves

on longer gravity waves

Michael S. Longuet-Higgins, Department of Applied
Mathmatics and Theoretical Physics, Silver Street.
Canbridge, Fngland and Institute of Oceanographic

Sciences, Wormley, Surrey,

Abstract

This report summarizes some theoretical calculations
carried out on behalf of the TOWARD program between October
1984 and September 1985. The purpose was to determine the
theoretical variations in the wavelength and steepness of
short gravity waves propagated over the surface of a train
of longer gravity waves of finite amplitutde. Such varia-
tions may be calculated once the orbital accelerations and
surface velocities in the longer waves have been accurately
determined - a nontrivial computational task.

The results show that the linearlsed theory used pre-
viously for the longer waves is penerally inadequate. The
fully nonlinear theory used here indicates that for longer
waves having a steepness parameter A¥ = 0.4, for example,
the short wave steepness can he increased at the crests of
the longer waves by a factor of order 8, compared with its
value at the mean level. (linear theory gives a factor less
than 2).

The calculations so far reported are for free, irro-

tational gravity waves travelling in the same or directly

opposite sense to the longer waves, lHowever, the method
of calcutation could be extended without essentinl G171~
culty so as to include effects of surface tension, cnerpy
dissipatton due to short-wave hrealing, surface wind-drift
currents, and to arbilrary angles of wave propagatfon,
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1. Introduction

An important component of radar backscatter from the sea surface
arises from the Bragg scattering. This involves surface wavelengths
of the order of a few centimetres for X-band radars, or tens of
centimeters for L-band. 1In both cases the wavelengths are usually
small compared to the dominant wavelengths of ocean surface waves
(10 to 103 m). So it becomes an important question to study how the
short wave energy is distributed with respect to the phase of the
longer waves.,

In the present study we shall consider the classical model of a
short train of gravity waves, of small but variable steepness ka,
propagated over the surface of a longer train of gravity waves of
finite steepness /\’(} as in Figure 1. Early workers (Longuet-Higgins
and Stewart, 1960) assumed that /\K'(/\ | , and in that case it was
found that the variation in the wavenumber b and amplitude @ of the

short waves was given by

RIK = | 4+ AK ~y + O74k)

(1.1

(\/5 = I ~+- A Ik SINEVAEN 2 (’A ’\/)2

/

where ’? and . are the (constant) values of k and . at the mean
surface level and 'y}f = /( (:,_~ - f) is the phase of the

long, waves. This gives

oR/ak - |4 2AK cory 4 O(AK)

IV-2

) (1.2)
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showing that the short waves are both shorter and steeper on the crests
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of the longer waves !:"y' = ,?hﬂ) . However, since A ’\‘ < (A K’) =0.44
e x
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the maximum steepening predicted is less than 2.
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ﬁ? Longuet-Higgins and Stewart (1960) interpreted this result by S
™ RN
assuming (1) that the phase of the short waves was conserved, i.e. that A

phase =
::. :‘-:.\
e el
, k(] — O = Croyn f’i‘\ [2Y /.' (1.3) "v.;;
;\' ’ AR
-n_'. '.I'~ B
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~ where 1 is the particle speed in the long waves as seen by an :;§j
Ff . A
* observer travelling with the long-wave speed L, and O is the intrinsic ﬂké

o
» . . . O\
s frequency of the short waves in a frame moving with speed 7,. Next, “\3

N X

- i
(2) that the intrinsic frequency ¢ and local wavenumber I? of the short -"~§

waves were related by
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i where ¢ was the effective value of gravity for the short waves i.e. o
e \7 . -'.:J‘
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s . >
' - Q - A .\.“-
v g g ool /ot i
iﬁ LJ'being the vertical component of orbital velocity in the long waves; {;:
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and (3) that the short-wave energy density Cf was given by
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’ representing the potential and kinetic cnerpies respectively. The .iﬁ
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) together with (b) work done by the straining of the long waves agalnst Ty
¢ L)
& el
ﬁ the radiation stress of the short waves.
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CGarrett (1967) suggested that the same results (1.1) could be

“

interpreted in terms of the conservation of wave action

A = [':’/r_-r (1.7)
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is an alternative form of the short-wave energy density, and he
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introduced the equation

1 C is ti -velocity of the short waves C, = ! v
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Finally, Bretherton and Garrett (1968) proved the validity of Dy
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equation (1.9) for a general class of situations where a group of EE
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linearized short waves of wavenumber h is propagated through a
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slowly - varying medium with local velocity ? , under ig‘ E
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the general assumption that

Vr}/ < k7’ %7« << 0"}’ (1.10)

r =N
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the energy density E: being defined as if the medium were locally
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uniform.
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ak << I k> K . (1.11)

In the case off\kfinite, one would take as the effective (vector) gravity

\?'/ =g - (1.12)

where & is the orbital acceleration in the long wave.

This principle has been partly applied (in principle) by Phillips

(1981) to calculate the variation in amplitude of short capillary-gravity

waves riding on longer gravity waves. The calculation could not be
carried through in detail because the effective gravity igf was not

at that time known with sufficiant accuracy. However, the accurate
calculation of accelerations in steep gravity waves has recently been
carried out by Longuet-Higgins (1985), and from this it is possible

to infer 5%, by (1.12), hence both the shortening and steepening of
the short waves. 1In this contribution we apply the results to short
gravity waves, in the first place, with application particularly to
backscattering in L-band. One significant result is that for finijte
values of/\,<'the short-wave steepening can actually‘be much greater
than that given by linear theory. Moreover, it will be seen that the
basic calculation of 51/ opens the way to the solution of much more
realistic cases, including the effects of capillarity,short-wave energy
dissipation, etc.

The assumptions (1.11) make clear that the principle of action
conservation is only approximate. To test the principle in a simple
case we study, in section 6 of the present paper, a simple model
analogue in which the equations of motion can be integprated precisely
by numerical mecthods. The degree to which the principle is sati«ficd

is reassuring.
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2. Formulation of the problem

Relatively short gravity waves, of local height Za and wavelength
Qﬂ/k » ride on longer, progressive gravity waves of finite height
,’ZA and wavelength 27\‘/'( in deep water, where ,’\’ > K (see Figure 1).
It is required to find ’? and o.k’ as functions of the phase of the long
wave.

The intrinsic frequency ¢ and the wavenumber k of the short

/
waves are assumed to be related by equation (l.4), where j is the

/
magnitude of the effective acceleration :/7 given by (1.12). Clearly
(7‘, is always normal to the surface of the longer waves. The frecquency

0" and the phase-speed
c = c/k (2.1

are taken as positive or negative according as the short waves travel
in the same or opposite direction to the long waves. (i, denotes the
particle speed at the surface of the longer waves, as seen in a frame
of reference moving with the long-wave phase speed C. 1In this
reference frame the long waves appear steady and the free surface is
a streamline. At the mean levely r\y_‘ , we have 7-‘—‘(:; (sce lamb
1932, €.9).

To determine the wavenumber h at points along the surface of the
long waves we assume that Lh_e_;injfg_of_ Lh»o_ s_lv‘p_lit__&we_s_«if_c«quﬂse‘_r.v_e_g,

that is

-~/ = vt = 1~ (2.2)
1 L — C = LS KNP ¥ Ao TN = ’7
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say. Hence

2

¢’ = j’/k = /j’(‘z,-c)

(2.3)

o

or

LA MR

1

ot + 7’\7lc ‘7f/2 - ©, (2.4)

a quadratic equation for C with solutions

E'E 1/, L .
C = ~/§ :1:(/314—2/32/) , /»"iyi- (2.5)

1, 2
Having found C we may calculate K from (2.3) in the form k Sj /C .

F,
g To determine the local wave amplitude v, we assume that action
g« is conserved, that is equation (1.9). In the steady flow relative
‘
- to the moving frame of reference this implics that the flux of wave
i action is a constant, i.e. '. .
7 ‘--::.'
i~ ( - c ) E /[ = ovalant (2.6) oY
k—» v s
' .
where c the group-velocity of the short waves (= 3 C)

. N

and E is the intrinsic energy-density of the short waves, given

E" by equation (1.8). Since o"-'-'J //C, equation (2.8) can alsc be
-~ written
A
-
?

1 - - . 2.7

? (i—ic)c a = Grglanl 2.1
or

2

o o¢ [(7 - ,{C)C]— (2.8)

. e
“o .

(c.f, Longuet-Higgins and Stewart 1961).
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Finally, the local wave steepening is defined as
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a
-

i = ak/(5Fk) (2.9)
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where a bar denotes the values at the mean level j =-’J. b
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3. Mcethod of Calculation .;5
T |

The real, or orbital acceleration in a surface wave must be care-

&ir

Fel'd
= :
1

&

fully distinguished from the apparent accelerations as measured by a

* |
& fixed vertical wave gauge (see Longuet-Higgins 1985c), The real accelera- &
e — ¥
tions, both vertical and horizontal, vary much more smoothly than the
. ~ N
N lerati hict 1 -si idal s 3‘-
M apparent accelerations, which can be very non-sinusoidal. Y P
\ .
)
" %)
Ay Numerical values of the real acceleration & were calculated by v

3

Lo

KL
%

the method of Longuet-Higgins (1985a) which makes use of a set of

quadiatic relations betwecen the Fourier cocfficients U-n in Stokes's )

,
o,
e

A
r e v
Ay
)
)

series for the cartesian coordinates (3(,\(/) in terms of the velocity

&\
hon
Y&

2200

LA

potential. Thus if K :-.j-: I, the free surface is given by

AR (/n /4 /r, ) z
5 (3.1)

-

A

AN
A

)

-3
1%
g

KJ-’- a, +

.
L3

o~ R
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where is the velocity potential, then the coefficients o X Q - ? 2L
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or of the wave amplitude . W

The speed7 at the free surface is then found from the Bernoulli relation

2 (s) {,
= 4 .4
7 \// (3.4)

:
;
E Acoeay im0 =
B
g

and the vector acceleration X from the gencral relation

wherc Z = D¢+ (}l andﬂ s 7) 1< yr, )/ the stream stream function. (A star

ﬂ denotes the complex conjugate). Tn real terms this is

ol

! N X = As /‘z: = “7,6?7/: Z/& (3.5)
|

Ny W

. 6 : ? .
: fi’- 9( = ——? (Jc'/“' +4- \/7‘) (J('ﬁ/ - ,‘;{7){')‘ (3.6)

'

Y Y
s %o s
Pas

/

£or.r
5y

I E The effective gravity y is then found from (2.2).

t Because of the slow initial rate of convergence of the series (3.1) t
R o
; ~ ' _ \*\
; (e at high values of f\l‘\, care mist be taken to include enough terms in 1o

these series. A recent study (Longuet-Higgins 1985b) has shown that

‘ -8,y
: after an initial rate of convergence like h "~ o ultimately
: n
] "-1
' i\‘_- converges exponentially the transition to exponential behaviour occurs

N

- -1
- when (= n_ = ()(C— ), where
s ¢
”

1

€ = 2:0 I/\l?'~ (AK)

Since individual terms in the differentiated series for Jtv,’ ; and \7{
vy f f
at first increase like |y -, it is important, in order to ensure

(3.7)

Max , *

=

4
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+

o

sufficient accuracy in the calculation, to include terms with a some-
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what in excess of V\C .

Surface profiles corresponding to /‘\ K = O I' Q2 a.3 (:?.;7
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and the limiting value A k = (_)./I /t 2 are shoun in Fipure 2.
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4. Results: variation in short-wave length. k\i
n

Using suffices 1 and 2 to denote values at the long-wave crest

and troupgh respectively, Figure 4 shows the relative shortening k" //? \-Z.}:...
at the crests of the long waves as compared to the mean surface level, N
— — PR

. R

in the three cases when I? = a?) IO and 10O . similarly ’?2 //‘\‘ sl
- XY

shows the lengthening in the long-wave troughs. For values of A K v
- RN

Lo d

up to 0.2 the three curves corresponding to )? = od , 10 and IO 0O _:\:::
-,‘-"-‘

tataY,

are almost indistinguishable, and cven when A h“—- O/f there j= little

>
‘. %

T T

departure from the representative curve R = [0 , when /i" /k =J3-0 and NN
:\:\:~

kA/E= 0.§2. Thus, the short-wave lenpth varies over a range of DOV
r) _n-‘..'

- oS’

about 3's to 1. This is for € > (J , when the short waves travel !"':
SRE

in the same sense as the longer waves. Figure 5 shows a similar plot ,-*.;,\;.
PaTa

_‘"

when ¢ < O , and the short waves travel in the opposite sense. Here :&:‘:'.‘5
0N

the variation in /Q is only slightly less. However, as AK -> 64 K)

9 —_ ha x
L it can be shown that k'/‘? -3 03 when C > O, but remains
3 .:1
[ )
) finite when ¢ < O .
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5. Variation in the wave stcepness

Figures 6 and 7 show the variation in steepening 7| of the

shorter waves, in a similar manner to Figures 4 and 5. Thus

2, = I n, - -iig’—— : (5.1)

&k = k

Again the three curves corresponding to ﬁ?ff.?l [ and 100 1lie
very close together, showing that not only the wavelength variation
but also the steepness variation is practically independent of short-
wave length.,

When A K: O/j, however, the short-wave stcepness may vary
by a factor of as much as 8 between the long-wave crests and the
mean level. This compares with a factor less than 2 given by linear
theory.

The variation of steepness .°.. over the profile of the long waves
is shown in Figure 8 as a function of Jf/L., and for different
values of AK, using the representative short wavenumber E= 6‘ .
Comparing /4 K” O"? with /1/\‘= U(. one seces the distorting effect
of nonlinearity in the long waves.

Finally, in Figure 9 the three curves of Figure 8 are plotted
instead against (y —J;Z/l‘ , that is the vertical height above the

mean level :j . 1t now appears that all the curves collapse almost

onto a single curve. This propertyv may be useful in approximate

analytical work. The appropriate nonlincar steepening is quite different

from the lincar theory, shown in Figure 9 hy the broken curve.
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6. A pendulum model

As a check on the principle of action conservation, which was
used in the calculation of the wave stecpness, a simple mathmatical
model was constructed. The long wave was represented as a single
"orbiting" pendulum of length L_ describing complete orbits in a

vertical plane (Figure 10). To the bob of the longer pendulum, of

mass M, is attached a smaller pendulum of length .[ and mass M ,

where
d<< L m << 1, (6.1)
It is convenient to choose units so that
[ = | Miwn-=1 g=1, (6.2)

then the kinetic and potential energies of the system are respectively

_7_ . 3% é; 2 + ,{}V\ 65 9Z G > (T} —-75/) - ;é '{ ;h ,z 2
(6.3)

l/ = (C-n@ 1 ,) + -FH! (C»-‘):,'/) -f-l)

where D and% denote the angles which the longer and shorter pendulums,

respectively, make with the vertical. The Lagrange equations:
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(6.4)
d (9—> _oer . _ 9V
£t 3¢ 3,,/, .-)-:‘f.,v
yield
9 + A [7‘ Cl-)/@—‘(/.) - sz,,,_.& n - ,/)] = i 9
| (6.5)

L§ + [0 s B-4) B AEIY IR

.. .e c . P
These can be solved for 9 andi’in terms of l..), y@) ‘9 and 76 and
integrated numerically, for various initial conditious. As a check

on the time-stepping we may mouitor the total energy

T+V = H. | (6.6)

When either ,[ or m vanishes, the systemreduces to a simple
(long) pendulum of length L.= / obeying the equation of motion
B = 4 (6.7)
and

i ol L 2
"'2" (q "' Cad (() e Ct‘\vd""‘.'l' e j' :\ ’i“ , , (6.8)

where(\)is the value of Qat the highest point 0- (D . writing |{ = ,/Q

we easily obtain
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o A . ’; --,'.
F a known elliptic integral. ;:}‘.‘
>
X ’ Py
E E;j 1t will be seen that the effective gravity gy is always ﬁ:":
AL '\
AN
directed radially, and has magnitude
. o
o 2 PN
:. R Y c . ~, :{..'f"'.
.. g0 -7 - Q2 Tl ©wo
< AR
.o RR
! oS When Q1> | ! is always directert radiallyoutvard L'_
S . , & s alway d : adia y rards. S
. -" -:‘-'\'
',; - We are interested in conditions when Q>/\' so that the long :.-::-f:‘:
g ) AN
) \-‘ o
i é pendulum describes complete orbits rapidly, and gravity produces a %\.\
v relatively small perturbation. Then K¢ |, and expansion of (6.9) f'-;
g R
= in powers of IT yields ‘;.‘;:
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QC = (1-52)0 + 1ol + O(")

-
':: and hence NG
\ o
1Y
o
.- . - 4 R
" O = of - ocvm ol 4 D(K") (612
) dae)
y - %
T 'S,\:;\ )
e where e
X 5 8¢S
i S O b, R
. e - T, P (6.13) REACN
‘2 Il I = I< KooK
J ‘.“\;F\
: \;‘!'-'
V) NN
Y t N
! o a = . vt
! _-
Y Eﬁ Equation (6.12) rcpresents a uniform rotation together with a periodic ::-:"‘f'.:
- LA .
L) ( \
: perturbation, of radian frequency ¢ given by (6.13). In the next E;:::'_E
o N
i t approximation we find H ~‘
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| In the general case when £>O and M > () we may define the o
' energy of the small pendulum as
-t
} / v o1 / ‘w N -
' : . ERSE S
,' E = = p [2%Y % 'f‘ J 0“\ /(r > /(/\ -,(‘\) 4- R) ”‘ ,] (6- 15) f.',,\::\
2 : / AN
’ RO
{ / ‘_.-‘ $!..-F\
) where \7 is the effective gravity. ‘Then using equation (6.5) and »" ::::'._
l neglecting terms in M we find < ‘.F_}.;- »
o e e Y
‘. Al
: dE P a5 S
: 2 = A [ 3 8 4ty (9 - J 8 du, {7 €D (74 - O) A JONRNR
. . 6. AR
o o R 5o
! ‘8(0 - 8) “"'"M‘“"J.}' O
i . o~ \;\':,
! I . I-.
, It will be noticed that the terms in 7"nr(- absent. After averaging . h$::
) RTRS
: o o Sy
' over the fast phase 7( we obtain, to lowvest order o Yo
&) g~
' -/
g - hCS G\
' (,( [: I 4 Joo 8
: < - . > = 3 -a h\ 0 PAE (J (6 . l 7) ~:: 1}::1-\
' f(' .‘:‘-{\
’ et J
l S
as the approximate varfation in the short-wave energy. A _‘; )
L )
e
: An alternative definition of the short-wave energy is to replace . b:-;:::
' 2 v )2 NORns
. 75 on the right hand side of (6.15) by ('f—- 8) » so taking some -~ :.t N
~
— .
. account of the rotation of the longer pendulum. We denote the corre- b
. ” - T
; sponding expression by E . This leads to an equation similar to (6.17). R SN
O NI
] S '.\ \..
' To test these two definitions of the energy we investigated the Aase 0 .’:‘;:f
: -1 -4 R
: { =10 m o—- 10 (6.18) N
: ) N
: o BN
' AT S5 A
' with initial conditions N il
; ] oy
: ) 'S _ Loy e AN
. 9 = b -0 &, [ 5/’ =<0 (6.19) wo
. / - ) ) . (S LN
' MRS CRAN
! LSRN
' - '.'_x‘:'o.
' at t: () . Figure 11 shows the trajectory of the mass In, and Figure 12 Yo S
; ' . . % )
' indicates the angular velocity + as a function of & the point & = | AR
! : . L%
3 -, LAY
e (RS
corresponds to 8— O, and B = 2215 to 8 = I} (lovest peint of o :‘::::
: . ¢
| v ?\f\.}.‘
the larger mass /l) Clearly the floctuationsin are as great T B
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1. Introduction

Meteorological measurements at the NOSC tower were collected in
order to obtain accurate estimates of the wind stress at the air-
sea interface. Two independent systems were used to measure the
stress: sonic anemometer, which directly measures the momentum
flux, and hot film system, which indirectly evaluates the
momentum flux based on a turbulent energy balance. Because the
flux data presented in this report are based on the hot film
system, the theory required to obtain the wind stress from this
method will briefly be described. Data from the sonic anemometer

are not yet ready for distribution.

The basic meteorology quantities measured were wind speed and
direction, air temperature and dew point temperature. The water
temperature, meausured by NOSC, was incorporated into the meteoro-
logy data set. In addition to the momentum flux, high frequency
measurements at temperature and water vapor were collected in
order to evaluate the fluxes of latent and sensible heat. During
TOWARD 85, the meteorology data set was supplemented by twice
daily radiosonde profile data, launched from the tower. Net
solar and infra-red radiation measurements were additionally
collected during spring 1985. The measurements are summarized

in Table 1.

Estimates of the momentum flux by the dissipation method (hot
film) were continuous during normal tower operations. Sonic
anemometer measurements were restricted to conditions such as

moderate to high westerly winds and/or times of overflights.

The evaluation of data quality required consideration of mast flow
distortion, fog/rain conditions, and convection off the tower body
during light winds. Because the mast on which all the meteorlogy
sensors were mounted (except radiation) was located on the north
end of the NOSC tower, the greatest flow distortion occurred
during southerly flow. The most favorable direction for measure-

ments were northerly winds from the west through the northeast.
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Fog and rain interfered considerably with both the sonic and hot
film systems. Because the sonic is based on the relative time
for a sound pulse to travel over a short distance, a thin film
of water on either the source or detector gave an erroneous

measure of the wind Vvelocity. The hot film, on the other hand,
when in contact with a water droplet, produced a voltage spike

with the latent heat release during evaporation.

Finally, light winds adversely affected the qualitfy of the flux
estimates due to both enhanced flow distortion and convection off

the body of the tower.
Tabel 1

Arrangement of sensors on the NOSC Tower

(variables defined in Section 2)

Sensor Variable Measured Height above MSL
Sonic anemometer u,vyw,T 22 m
Lyman-a q,9"' 19

Cold wire T' 22 m

Hot film € 22 m

Tairs Tdp Tairs RH 18 m

Cup anemometer u (slow response) 18 m

Wind vane 8 (0° = North) 17 m

Water temperature T, -3 m

Solar/Infrared Rad.

Radiosondes

2. Basic Theory
2.1. The direct method

Generally, the wind stress (or momentum flux), ;, may be written

in nearly exact terms as:

T = -puw (1)

where p is air density, and u and w are the instantaneocus horizon-

If an averaging time is chosen

tal and vertical wind velocities.
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to be long enough so that w = 0, then equation (1) reduces to
1=_m7
(2)

The sonic anemometer uses this method for obtaining ¢y, The fric-
tion velocity is simply a scaling parameter for wind stress (with

units of velocity) and is defined as:

ue = (1/p)1/2 (3)

Because geophysical modellers of air-sea interaction processes
needed spatial field estimates of the wind stress, the bulk aero-
dynamic formula was derived. This formula requires knowledge of
the mean meteorological quantities (winds and temperatures) and
is written as:

T = pCDGZ (4)
where Cp is the drag coefficient. The drag coefficient is known
to vary considerably with atmospheric stratification and height.
If the measurement height is chosen to be 10 m above the surface
and the stratification is neutral, Cp ~ .00l, i.e., roughly a
constant up to a windspeed of 10 m/sec. Above 10 m/sec, Ch
becomes a slowly increasing function of windspeed. As the atmos-

pheric surface layer becomes more unstable, Cp increases; and

conversely, as the surface layer becomes more stable, C_, decreases.

D
Wind stress data are often reported in terms of the drag coeffi-
cient and its neutral-stratification counterpart, Cpy. For given
meteoroligical conditions, CpN may be evaluated from Cp and
knowledge of the surface layer stability, assuming that the
observed windspeed is common to the surface layer equations. The
only reason CDN is calculated from TOWARD data is to compare to
past investigations of the drag coefficient over the sea. Even
further, since stability is a known parameter that affects the
magnitude of the drag coefficient, performing statistics on
the neutral drag coefficient hopefully will yield information
on a secondary parameter that affects Cp, i.e., sea state. Such

an analysis is more simplified by stating:

Cp(¥,WS) = Cpy(WS) (5)
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where Yis a stability function, which in known, and WS is wave
q state, which is unknown. Any trends in CDN with wave conditions
g‘ will provide clues to this function; preliminary results are

presented herein. Both the sonic and hot film systems are capable

$E of providing estimates of Uk, Cp, and Cpy.
T 2.2. The indirect dissipation method

VY.

The hot film system utilized the dissipation technique for

R

L)
_—

estimating the wind stress. This method requires estimates for

;".,'

the balance of turbulent kinetic energy (TKE), where the TKE

s

equation is written as:

oe ou ——— )
— == 2__ — L TN ) 1

= u -—w'T! - —(w'e + dw'p') - ¢

ot *2z 1 Y az( pv'p") (6)

o where e is TKE, g is gravity, ¢ is the TKE dissipation rate, and
Ii p is pressure. If the flow is not excessively stable or unstable,

the third term on the r.h.s. in (6) is relatively small and can

5% %

be ignored. Similarly, for steady state conditions,

and (6) reduces to: du
ug-—— Wiy
oz y\ v

g |

(7)

If one assumes that the vertical profile of horizontal windspeed,

[0 o
., L]

.

du/dt . may be defined as:
o du u*

-y .
v —_— = ——— Y L ’
A 0z K2 ¢”(Z/ ) (8)

8 where ®4 is a known stability function dependent on z/L, i.e.
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Tuj (9)

then the friction velocity is evaluated, after rearranging (7),

to be: k2
upg = —

on(f)-f (10)

L is the Monin-Obukhov length, k is the von Karman constant.

The dissipation rate, €, is evaluated by spectrally decomposing
the horizontal wind field according to turbulent eddy frequency.
The inertial subrange, i.e., the turbulence with frequencies

of motion above around 1 Hz, is well described by the Kolmogoroff

spectrum; i.e.,
S(k)\) = a52/3k)—\5/3

(11)

where kX is wavenumber, S(klA) is energy density, and a is
a constant equal to 0.52. Equation (11) is transformed simply
into frequency space by applying Taylor's hypothesis, which

assumes the concept of frozen turbulence advection, i.e.

K 2nf
MTwT (12)

Equations (11) and (12) combine to become:

2n -5/

3
S(f) = —) 2/3¢-5/3
(£) = al==) 7 "e2/30-5/ (13)
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where the data aquisition system employed filter frequency :-f:}'_'.;_
o ‘_-“.‘.-'
5\ bounds, f1 = 5 Hz and f2 = 50 Hz. oi is a quantity evaluated :‘:::\:."::
¥ due to the filtering process. R e g2
9
o TR
:‘ With (14), ¢ was evaluated, and consequently with (10), estimates :_-
of ui were provided. These estimates are provided on both 5 and ;
ot LENLR
{i 30 minute intervals during the TOWARD experiment. For those :::‘:;"
X ,‘.41-!“
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;'j 3. Preliminary Scientific Results
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o conditions of these data include westerly and northwesterly
-
:‘ directions; these directions were dominant in the data set and
. were estimated to induce minimal flow distortion. !—.“
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(N and 4) CDN is generally larger for conditions of short fetch than ) :E‘i*:

X for long fetch. N ¥

) Ve e

\ NI N
“~ -t

) - f. g

) The data analysis indicated systematic trends within the range WAL
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the pre-frontal region (from both ahead and behind a cold front)

acts to increase the steepness of waves of all frequencies,

,,
'

thereby increasing the surface roughness. Both these findings
from TOWARD will significantly improve our understanding of
ES scatterometer backscatter algorithms and their relations to the

overlying winds.
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4. Illustration: 31 October 1984
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In Figure 4 and 5, one may find plots of meteorology data during

-
[

A
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4

P: the SAR flight on 31 October 1985. Because the flight was con- :’E;'
b PO
ducted after 1300, the sea breeze was westerly with windspeeds ,ﬁ};g
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{F strong enough to exhibit confidence in the data quality. -f::g
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! 6.1. Short Term =< —
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oy ~o ~
. a. Technical report of bulk data and ux estimates from the dissi- ‘s E\"{b:;-
~ N
! pation method. Jan. 1986 - Ko
b. Presentation of these TOWARD findings described herein at the '\5 t:.‘::
- A
Air-sea Interaction Conference, Miami, Florida. Jan. 1986. :‘}:\-l
Y 2N
N c. Submit to JGR results of (b). Spring 1986. . '-':_,",
’ .:J - ."v
d. Cooperation with NPS, NRL, UK, JPL, Riso and NOSC. Ongoing. ;
- R
" 6.2. Long Term N -""-.';'\-
, a. Sonic data analysis of ux. Spring 1986. > '.f:'.’..','J
h g
: b. Spectra of U, 6, T, g, u;%, w'T', w'g'. Spring 1986. “
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1. Background

In this section a brief overview of the SAR experiments
and theories for imaging ocean waves is presented. The exper-
imental results and the limitations imposed on them are reviewed.
Predictions of the various SAR imaging theories are discussed.
An overview of SAR flight data for the TOWARD experiment is also

presented.

1.1. Introduction:

Images of ocean waves produced from the MARINELAND and
MARSEN experiments have shown improved contrast or Peak-~to -~
Baseline Ratios, PBR, by adjusting the focus parameters in the
SAR optical processor. Only optical recording and optical
processing were used in these experiments. These have limited
dynamic range, and are less precise in determining ocean wave

parameters and focus settings compared to digital processing.

It was considered essential in TOWARD 84/85 that digital
processing provide the basis for careful assestment of the
conflicting SAR imaging theories. Hence, SAR measurements were
recorded in both optical and digital modes. Also, the images

were processed in both optical and digital modes.

1.2. SAR FLIGHTS in the TOWARD EXPERIMENT

The CV-990 SAR flight pattern over the NOSC tower are
shown in Figure 1 which shows the approximate bearings for the
legs. The flight dates and duration over the tower in phase-1
are given in Table 1. The environmental conditions during these

flights are shown in Table 2. A typical CV-990 flight pattern

in phase-] is outlined in Figure 2 and the JPL-SAR characteristics
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Table !. Afrcraft Flights During Phase-I of TOWARD 84/85 RN
The Flight Intervals are Noted for Each Y
CvV-990 F-4
2 QOctober 1984 1046 ~- 1156
6 October 1984 1505 - 1600
7 October 1984 904 - 958
17 October 1984 1253 - 1536
31 October 1984 1257 - 1542 1500 - 1614
4 November 1984 1512 - 1700 1131 - 1231
7 November 1984 1356 - 1640
Table 2, Environmental Conditions During Flights in October- L
November, 1984: Phase-I. T "
RO,
Date, 1984 17 Cet 31 Qct 4 Nov 7 Nov g&;f:
LA
S
AREN
Time Analyzed 1250- 1300- 1512- 1412- DAY
1413 1600 1625 1625 N XN
Wind Speed (knots) 15 6-8 5-7 10
Wind Direction (deg) ~275 ~280 ~300 ~250
Mean Current (cm/sec) <5 <5 <5 ~10
(5 cm Below Surface)
Significant Wave 126 124 158 110
Height (cm)
Alr T (°C) 17.2 17.5 18.5 17.5
oS
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E are given in Table 3.
. Ten SAR frames have been selected by the SAR Data Analysis
EJ Committee for focusing studies. These are shown in Table 4.
The frame that has been analized is for leg 1 at 38,000 feet =
i altitude, collected on October 31, 1984. The processing for the \'.;!:‘;::Q
* other frames 1s now completed, and detailed analysis is presently :':."::%:
E in progress. :E‘:::'ﬁ
(\' 1.3 Theoretical and Experimental Background on Focusing Effects ?\:;\—::
: P
AN
(s The available theoretical and experimental investigations ""’.1-.'
e on focusing is reviewed here to provide the perspective for the E‘v;:—
e focusing anmalysis discussed in this study. Defocusing has been _'5.-:-_::,._
C related to motion of the ocean surface. Two such motions are &:f-:_:.‘
. dominant: 1) the phase velocity of dominant ocean surface waves, '.i-if'c
. and 2) their orbital velocity. According to Jain (1978, 1981): ‘
. the optimum image is obtained when the matched-filter of radar
523 processor is adjusted in proportion to the azimuth component of
. the wave phase velocity. Also, Harger (1985 a,b) refers to the O
! surface-wave phase velocity as the source for defocusing of the o
R SAR images, and hence for the modeling and analysis of surface ;:: "E
E:': waves. '?53?::.;
- P
o Alpers and Rufenach (1979) state that: the wave like ‘ ‘
:\f patterns in the SAR image is caused by orbital motions and will
. occur even for uniform radar scattering cross sections. The
e motion causes degradation in azimuthal resolution and is dominant
i for azimuthally traveling waves. Also, they state that velocity
f..\ bunching can cause an enhancement of ocean wave patterns, or the
. occurrence of two and possibly three intensity peaks per true
My wave length, depending on ocean and SAR parameters. Their work
t indicates that images can not be improved by refocusing the ’.J.‘,
rog optical processor of the radar. Plant and Keller (1983) use a E‘E:\};:
:' two-scale Radar Wave Probe simulation of the SAR to infer that :i:‘:‘gsg
)
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Table 3.

Nominal SAR Data Processing Characteristics for JPL L-Band SAR.

4 OPTICAL Channels = HH - VV - HV - VH
4 DIGITAL SUBFRAMES = HH - VV — HV - VH
Angle of Incidence at Center of Image = 35°
Optical/Digital Slant Range Coverage = 7 km (Quad Pol Mode)
Optical/Digital Slant Range Coverage = 12 km (Dual Pol Mode)
Optical Along Track Coverage = 60 km
Digital Along Track Coverage (Raw) = 30 km
Digital Along Track Coverage (Image) = 11 km
Digital Image Size = 927 pixels range x 1024 pixels azimuth
Optical Image Size = 50 mm cross track, 1:250,000 along track
RFP = 3 x (CV-990 Ground Speed in m/s)

= 600 @ 200 m/s, 750 @ 250 m/s
Digital Image Pixel Spacings = 7.5 m Slant Range x 11.0 azimuth

]

Table 4. SAR Frames Especially Processed for Focusing Studies.

17 Oct 31 oct 4 Nov 7 Nov

Days

20,000 Leg 2 Leg 1

Alt (feet)

7,000 Legs 4, 7

38,000/38,000 Legs 1, 2

1.,7
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SAR images are not faithful reproductions of cross-section
variations over the surface. Distortions in the image are due
to the velocity bunching mechanism. Application of focusing
correction does not remove the distortions from the simulated

image.

Based on experimental results, Shuchman and Shemdin (1983)
indicate that, based on analyis of modulation depths as a function
of focus setting in the SAR processor, the maximum in modulation
depth occurs when the motion correction corresponds to a velocity
that is of the order of the wave phase velocity of the dominant
surface waves. This occurs for both azimuth- and range-traveling
waves., Therefore, the detectability of these waves can be

improved by focusing. Jain and Shemdin (1983) investigate this

point in the MARSEN data using both radar and in-situ measurements.

They show that the focus dependance for optimum imaging is that
for a surface moving with the wave phase velocity. Also,
azimuthally traveling waves are as visible as range traveling

waves when the optimum focus setting is made.
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2. Data Processing

In this section analysis of the digitally processed image,
for leg 1, 38,000 feet altitude on 31 October 1984, provided
by JPL is discussed. Examination of the visual images at
different focus settings is described. The procedure for locating
the data blocks on the visual images and then on the computer
compatible (cc) magnetic tapes is presented. Definitions of the
terms and parameters used, and the significance of the information
collected are discussed. Processing methods that are not optimal

(in the SNR sense) are compared to that which is optimal.

2.1. Exawmination Photographic Representations of Digitally

A sample of digitally-processed image provided by JPL is
shown in Figure 3 for one focus setting. JPL provided 15
such images at focus setting ranging from -1.75c to +1.75¢c, where
¢ is the wave phase velocity of dominant surface wave. The image
in Figure 3 is therefore referred to as the Black and White (B&W)

image, for later comparison with computer-enhanced results.

2.2 Locating Data Blocks

Two blocks of data are shown in Figure 4, each block is
256 pixels (10.98m per pixel) by 256 pixels (10.98m per pixel).
One block (No. 2) is in an area where the water depth is
approximately 30 fathoms (60m). The second block (No. 3) is in
an area where the water depth is approximately 13 fathoms (26m).
The second block includes the NOSC tower where the wave measure-~
ments were carried out. All blocks have the same inner and outer
ranges. The location of the data blocks are chosen such that

they will contain the most visible waves, as shown is Figure 3.

The NOSC tower location is shown in Figure 5.
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JPPL Aircraft SAP chaital 4 polarization d-look image

FREO./POLARIZATION L-BAND 7/ HH
NEAR RANCE (METERS): 10761.32
LLANT RANCE P L (M1 7,435
TI1E CHMT: 0 04 AZIMMUTH PIXEL (T 10.98
TMONTH/DAY/YEAR RADAR ALTITUDE (F 11777
COPRELATION DATE: f Tape Id: AXCHFQ0O02

TPACK ANCLE 000.0 DECREES Scale Factor: 39392.2

NE TITLE: Nf TOLER-1-090
LAT 30 DEC S0.9 MIN. N,
LONG 117 DFC. PTIN. L)

Figure 3. Sample of Digitally Processed Image Used
in Present Analysis.

VI-9

T S T S A S TN S
LS AN N SO O O N A L TR

-

3
¥

aaly
-\ -\ L] y

S
CN
P
CASON
f.'\/‘\q'.‘
220N
_irﬁ

L

P
:.g..-".’.').'.-.'/.‘.’.
i, I.._. "l"'Al "_.

B
DeAr |




. P . - WL ™ A ATl A S0 A e i Ra N - . - * p A VN 5y > - By SE ol O
; )..f
h s
(LA G o

¢ § o
AL ,'\: A
) » 5‘ fup
' » " »
'!‘ O
e f‘ vy
) PN & Sy
~ -~ .'~";‘.'
oL >
N -
\‘ nrez0’ e, o
( ‘e \ .
% ; troatd
¢ ‘ wos
Depth in Falthoms .

. [} tom sy ¥TEH
i —_a ) - R
A LA
Ll g &
‘ - t‘. -~
o RSN
* 3

‘l -
¢ . )
“ , K
7 s
. ~.
LW N
- -
2 b a-'Qg ,
\‘; f} ‘A.{\ I
-~
o {
[.¢

148
Kis
¢ s

» 32045 ,::\-;
:‘_: Ocean Besch s '.-::z
o R Py
o R N2
> \."\f.
") Y
' Rosaville : e
Sl g .‘ .
e e N e,
B0 » -:“.
R I
3 NE AL
.. N4 $f ¥,
. LR A
- L od .
‘. ..'of~| ]
J SIS CR
b RO P |
‘-‘ . 4).-’:\
‘ + I' -
N B
! S

»
’| & N
4 Y
o
%, 05,
4 . o 2
¢ Figure *“. DATA BLOCKS Aproximate Location on Area Map W« o
Y (The depth contours are in fathoms). ‘j :
»w, OO
v ANy
"4 ) N
W N
. w, S
% (S
5
: T
- .
- VIi-10 T T
) ‘~:."..'1
; co _.:1
~y *.;,\"u‘ '\ VJ'"} P Y :7‘.‘;."-4"'\}';'}“-(\"\ Y :r'.;,\ )-. 'r‘. J_"- a\ *‘.. o J,'. o ",'\"\ ':. (-‘e"f" '_-.__:. T J‘- ‘_.: A
.- (] #0708 ' X . N B - R . R L2 2 | 8 3




o T e e e S %

e MLy h )]
\\.. JBARAAARN s s
...pl. s ... P, v ea.\.ﬁ...nf\as

nn\\\.x\
i ZNONANONCUE ™) AN N \ﬁ
il 1\‘-%- \. »l. ' ¥ .\\\-..-\\\t \\\-QQ-;I“.(\I\ L

--\ ¢ . fuﬂ.&. A l\l ‘l\- lLu. -s-Ah

)-_.’\.'hr t \- . . 2 1{\‘

XA N%BWuﬂwmf h\\k\ u\hﬂv
VAL ALY YS ,lt... lI RPN

f A — =
1 =]
] [«]
o . Lal
o .o o)
v R ©
| ¥]
o]
e}
* 1]
o
v
=
L |2l
1)
- e d
: @ 3 e
o) <
- K T .
[®] w v
(@) LS
F ~ [T}
m c E
- —
. B —
/] kY] —
o | © .c :
1) '3 H =] - =
[ ! =} 3] >
_ | “ o ac
/L/l_ . [o]
i . [} ~
— e
e
S
Q
¥
Y
=4

BLOCK 2
2R
Range T
Y | 10.98m
L
/
"Pixel
-
lkm
L’_’_/__/_,\/\/W
Figure 5.

. Y Sy

b
2
8
5
E
&
&
.
R
7
8
&
2
i
F
%
k

Rl o




Vi e o el g ai g > o ok g 18 q TPV Ry v 0 R v A% y 2
v T e TR O A a ot - o p AL I Gl SR

e
v 'y

l'": :":._\-
b NN
i B o
R
RSN,
~ o

2.3. Locating Data Blocks In Data Files .:: .\-x

¢ -.‘
\ .l

. The tape format is such that each focus file has 1,280 ’1 :
,Q blocks and each block contains 1,024 bytes. The 1,024 bytes ‘- ::'::
o .

"1'3 compose one line along the azimuth (i.e. constant range) direction. .‘:;- .&I

o) "

There are 1,280 lines parallel to the azimuth direction, each is R »

[

at a unique range. The lines are divided into 4 equal segments ~

] . -,
: each in one block. Therefore, each line has 256 bytes in a . t:.
3 block. Also, each block has 256 lines. The distance from the = :,
R O X
edge of the image is measured to the edge of the data block. This :; 4'\4-

is converted to number of pixels using the scale 1 pixel = 10.98m. —
:$: The number of pixels obtained is the number of lines (or blocks) .r; :_.:::
N to be skipped before reading the tape. For recording the data - 'E}_i
« 4 v
for block 2, the first 256 points of each line within the range limits :-J E;\"‘

Sorie e S

of the block are skipped and the second 256 points (bytes) are o k_»,;

N NS
- recorded. 1In recording the third block data, the first 512 points - "j-i'

S
!' l. »

of each range line is skipped and the following 256 points are

o
-\: recorded. This is done for 256 lines. Same procedure is used on AN
- - &
all the focus files. é £
< T
~
-
2.4. Averaging Methods o t::
oS QSe
To investigate the spectra of dominant wave numbers, different X ot
smoothing and averaging methods are used. Space averaging refers ,,p iR
: s . : . - J"\ N
. to averaging values of a few pixels in the range direction at a e
AN
t:-_ given range value. This is done such that an equal number of v, ,'-.:.:f.:
b g
-

pixels are taken on each side of the given range number , which

is taken to be the range value of the cut. All cuts in the processing ~. -

N ARV OEN
", are taken to be parallel to the azimuth direction. ORI
Y )
) ‘.» W
. . e,
Wave number smoothing refers to averaging neighboring energy :.. :r‘
2 densities of the transform of an azimuthal cut. The average is R K.
R,
over energy densities at equal number of points on each side of N .\"-{{

"N ‘
- ‘f %

the given wave number. e 'i\

S
. . . ) i§_|

Another wave-number domain averaging is averaging of N F:
spectra of different cuts. In this method, the corresponding Q\'.-:e

» -
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energy densities of the different transforms are averaged. This

is called Wave number averaging.

2.5. Energy Considerations

The Total Energy of the Signal is defined as g |f(n)|2,

where f(n) are the space domain sampled signal. The Total Energy

of the Spectrum is taken to be &1IF(k)|2 where F(k) is the

discrete fourier transform of f(n) and k! includes all spectral

points except k=0. From Parseval's relation for discrete transforms:

z [f(n)|? = N z [F(k)|?= N(ﬁllF(k)lz + |[F(0)|?.

The total signal energy remains the same for all the focuses for

a piven range. This is true for all the range cuts examined,
2.6. Opimality of Processing In Terms of Signal To Noise Ratio

Different data processing methods were carried out to reach
a method that generates a spectrum with a high signal to noisce
ratio-SNR. The different processing methods tested are bricefly

discussed below.

In processing trials with 3 range cuts, the cuts are taken

at ranges = 64, 128, 192 (corresponding to incidence angles = 32.5",
34.9%, 37.1°%, respectively). The discrete Fourier Transforms,
PDFT, of each cut is taken. The spectral energy is calculated

and smoothed over 5 wave numbers. The smoothed spectra are then

nomalized and averaged. The averaged spectrum is plotted.

For processing trials with 5 range cuts, the cuts are taken
at ranges = 64, 96, 128, 160, 192 (corresponding to incidence
angle = 32.5", 33.7%, 34.9") 36.0°, 37.1", respectively). The

procedure mentioned above for 3 cuts is then repeated for the

5 cuts.
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For processing trials with 5 range cuts and no area
normalization, five cuts are taken at ranges = 64, 96, 128, 160,
192. The DFT's of each cut are calculated. The e¢nergy spectrum
is obtained and smoothed over 5 wave numbers. The smoothed

spectra of the 5 cuts are then averaged.

In processing with lateral pixel averages (referred to as
IA), where IA = 40 at range 128 implies a range cut at 128 that is
averaged over 81 pixels (128 b 40 pixels). The DFT is taken for

this space averaged signal and the energy spectrum then calculated.

Similarly, for IA = 19, the procedure implies that the averaging

is done over 39 pixels (128 p 19). For IA = 15, the same procedure
+

implies averaging over 31 pixels (128 - 15).

The above processing methods are compared in terms of
SNR values, where the SNR is defined as the ratio of the energy
density at the dominant wave number to the background energy
density. A sample energy spectrum with the background level shown
is given in Figure 6. The SNR values for different processing
trials are given in Table 5. From Table 5 it is seen that IA = 15
processing trial produces the largest SNR values for all focus
settings. Hence, this averaging trial is adopted as the optimum

processing technique for all the SAR data.
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3. Results

In this scction the results
method are discussed.  The dependence of the signal

incidence angle (range) and on focusing is presentoed

dependence of the dominant wave conergy deansity on

The dependence of the energy in the non=-zero part of

number spectrum is calceulated vs. range and

3.1. Dependence of Energy Density at Dominant Wave ©

The plot of the cenergy density as a function ol

Figure 7. Here, the dominant wave numbe

140m

is given in

wave that is long. Figure 7 shows cenergy densi

with no wave number smoothing (N =0), aond with wave

over 3 contiguous wave numbers (N = 3), The values

tocus corresponding to N = 0 and N = 3 arce 19.5 and

density values are 6.2

When defocused, the spectral
respectively corresponding to N = 0 and N = 3, The

the peak values are in the expected region aceording
theories ])r031w1tvd.l)y Jain (1979) and possibly Harge
Svmmetric extension of the curves gives a central
foces +3 and +4 for both N = 0 and N = 3 curves,

indicate

7. These results

between . 75¢ (focus +3) and € (focus +4), where € is

speed of the dominant ocean wave.

The Peak-to-Base-Ratio (PBR) Curves are given
and N = 3 in Figure 8. The PBR is detfined as the

energy density at the dominant

n

from the adopted processing

cnergy on

The

focus is shown.
the wave

focus sctting.

Focusing

Paocus o soetting

is at a

(v levels

number smoothing

A

1G.2,

t optimum

respecetively.,

and 4.8,

location of

shown in

to the

(1985).

peak betweoen

Figure

that the optimum focus setting is

the phasc

or N = 0

ratio of the

wave number to the cenergy density

of the dominant wave number for the detocused spoectrom, The

corresponding PBR's are 3.21 and 2.14 tor N = 0 and

respectively, The optimam focus is approximately 0.

velocitw, For comparison, the PBR values by Jain an

(1983) arc¢ shown in

Figure 8.
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. 3.2. Total Energy Dependence on Incidence Angle and Focus Setting
l
W The total energy decreases monotonically with increasing
: range (increasing incidence angle—@i), as shown in Table 6.
<
o This total energy is insensitive to focusing. If the D.C. is
M removed the remaining energy at each focus setting exhibits a st
: local maximum at range = 128 (Qi = 34.9%), as shown in Figure 9. <
5 This peak is sharpest for the optimum focus setting (+4). .
. -
)
Without D.C., the remaining energy also shows a dependence
' on focus setting. This dependence is plotted for the cut at :ﬁ
ﬂ range = 128 (Oi = 34.9) in Figure 10. This Figure shows the total
. energy to vary smoothly as a function of focus setting, and to
N
- reach a peak at focus setting (+3). The equivalent PBR graph is
< shown in Figure 11, where the maximum PBR value is 1.96. Here,
é PBR is defined as the ratio of the total energy of the specttrum
N
. without D.C. to the total energy of the defocused spectrum (with-
. out D.C.).
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Table 6. Dependence of Total Energy (Including
D.C.) on Incidence Angle.
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4. Summary and Conclusions

Different processing methods have been tested on one image
data. Processing with IA = 15 (See section 2.6.) produced the
largest signal to noise ratio. The dominant wave length is found
to be 140 meters. The plot of the energy density at the dominant
wave number as a function of focus setting indicates a peak energy
density value at a speed that is of order of wave phase speed.

Also, the non-D.C, signal energy variation with focus peaks at

focus setting of the order of wave phase speed.
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: APPENDIX VII

b i

SAR IMAGERY SIMULATED FROM TWO-SCALE RADAR WAVE PROBE RETUREN

[ _ William J. Plant

Naval Research Laboratory
Washington, D.C. 20375

Ej The coherent ouput from NRL's L-Band, pulsed radar which
o was mounted on the NOSC tower during the TOWARD experiment was
E used to simulate SAR Imagery of the ocean. This analog output of
" the radar was beat down to a 60 Hz offset frequency and recorded
;* on analog FM magnetic tape during the experiment. In the
lf laboratory it was digitized at a rate of 1024/T Hz where T is the
: : maximum SAR integration time for which simulation is desired.
: ;: Digitized data were stored on nine track magnetic tape and
b

subsequently read into the simulation program. There the
' simulation proceeded as detailed in Plant and Keller (JGR, 88,
A p. 9976, 1983). Basically, the raw data were both averaged dfter

}: squaring and Fourier transformed over an integration time which
v could be T, T/2, or T/4. The transform was performed after
! clipping the data and multiplying by a chirped, offset cosine
ok signal whose chirp frequency was related to the focus adjustment.
{ ., The power spectrum derived from this transformed signal was then
-3 convolved with the squared and averaged signal which had been
- normalized to yield cross section. This process gave a simulated
£ value for the spectrum every T/4 seconds according to the
' relation
%
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where X, was determined from the time by multiplying by the phase
speed of the dominant ocean wave and 1}’(X°- x)

was obtained from the above-mentioned power spectrum

'\P(‘,\ using the relation

Q,V(xX,-x)
¥'= ™ Ko .

Note that only simulations of az muthal cuts through a SAR image
are produced by the above procedure. Subsequent processing
involved obtaining power spectra of the simulated SAR intensity
images and averaging several of these spectra together to form
the final clutter—éveraged SAR image. Examples of the results of
these simulations are shown in the following figures along with
power spectra of the cross sections obtained during the process.
All simulations shown correspond to the 38,000‘ft flights of the
SAR on October 31, 1984.
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APPENDIX VIII

SAMPLE PREDICTIONS AND SIMULATIONS OF

SAR OCEAN IMAGERY

Robert 0. Harger
Electrical Engineering Department
University of Maryland
College Park, Maryland

SUMMARY

In [1] and [2] models for the SAR image of a sea surface com-
posed of a random ensemble of small gravity waves propagating on,
and modified by, a sinusoidal long wave were developed from funda-
mental models of hydrodynamics, electromagnetic scattering, and
SAR theory. Generally speaking, the hydrodynamic and electromag-
netic models assume '"two-scales'" and are therefore especially
applicable to L-Band systems and appropriate seas- as, e.g., en-

countered during the TOWARD experiment.

The detailed analysis of [2] yielded a fairly complete under-

f
v -
v ?: standing of the nature of these models. The behavior exhibits a
i * diversity: a recapitulation will not be attempted here. However,
. - briefly, it was shown that a major influence on the SAR image
. o "
AR nature was the "wavenumber band limiting" effected by the SAR
$ - system on the phase modulation factor due to the round-~trip ray
: p‘ patch to the large-scale surface. In electrical engineering par-
S lance, there will be an "output" when this phase's derivative- a
. .
X he "local wavenumber'- lies in the wavenumber band passed by the SAR.
When the rate of change is sufficiently large, the "output"- if

is otherwise unperturbed~ would approximate the SAR impulse response.
. The "perturbations" can be described analytically and lead to ;
P predictions on the image nature and details such as the "focus- -
% - .
y ing problem". N
| .
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A principal prediction of [2] was that, under appropriate
conditions on SAR and long wave parameters, '"well-focussed" ex-
trema can occur in the image intensity at locations corresponding
to the crests of the long wave, while "dispersed and defocussed"
contributions occur around locations corresponding to the troughs
of the long wave. In particular, the average (over the small

scale ensemble) can have this feature.

The following is an excerpt form information circulated infor-
mally within the TOWARD group in summer, 1985, and contains predic-
tions of certain properties of the SAR images. The discussion
assumes that the long wave can be approximated, at least locally,

by an appropriately chosen sinusoid.
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CHOICE OF RUNS FOR INITIAL ANALYSIS

The runs (2,6,11) of October 31, 1984, were chosen for an initial *quick look™
because (1) there is evident “wave-like" imagery of good quality, especially at the
38,000 ft. altitude, and (i1) the long wave is azimuth-directeds this has been the

more “controversial® situation in SAR theory and practice and is (therefore)the most
completely elaborated case of my theory.

Parameter choices for analysis and simulations - The following choice of a para-
meter set was made for this prellminary study.

aircraft parameterss height, 38,000 ft. =
20,000 ft. =
7,000 ft. =
velocitys 231.66 m/sec
“crab angle®: O

14,14
7’44
2,60

longwave parameterss wavelengths 94 m
amplitudes 0.435 m
dispersion relations gfavity wave, 18 m depth
direction: *along leg 1"
shapes sinusoidal

small scale wave parameters: {Bragg wavelength = 28.83 m’l)
nominal phase velocitys 0.5831 m/sec
(wind direction:s *along leg 1%)
“white" spectral density over influential wavenumbers

"single family™ with *-o" gravity dispersion relation
no current effects

SARs resolution (*4-100k™)s 10 m

spectral weightings Gaussian shaped, truncated at *30® = 3/10 wave-
number bandwidth
incidence angles 35
beam directions normal to flight path

By way of further comment, the longwave wavelength was chosen on the basis of the
nominal data supplied, the approximate spectrum supplied, and checked against a com-
parison of SAR imagery and bathymetry. The longwave amplitude was chosen so that its
sinusoidal form would have the same rm*height as the (average) observed long waves
the "significant wave height® (nominal) was supplied by Scripps. The assumption of
the lack of significant current was based on current information supplied by Scripps.
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e As discussed earlier -- see, e.g., my MEMORANDUM to the TOWARD Data Analysis ~ o
Committee, dated June 5, 1985 -- when the longwave amplitude (A) is sufficiently o
large, a stationary phase approximation usefully describes the SAR image contri- “
butions of each wavelet. (The required condition is vAB2>1s here v/AB = 4.232; on the
.. basis of experience with the simulation program -- which does not use this approxima- %
AR tion -- the condition is adequately met). Y

y Such a wavelet’s image contribution, recall, is described by a doublet (pair) of >y
N SAR azimuth impulse responses, periodically repeated at the longwave interval, and -
e translated in azimuth by

. v o (K ) o
— A =- [%" ( v20) + 62 ] km + Y Amn (1) ”
K A8K20 X K
i: and degraded by the quadratic phase “error” A
- SR
g' v ::.'_ At m?
% -G B+ L0 (2)
o K 2ABK20 - :,-":'-
30 SO
& ."\'.-
A § = + 1 for one member of the doublet and § = - 1 for the other. . ;33.‘_"
. Here, with little error, S
: (K..) (2k,siné ) 3
- o,(K o, (2k.sin§ 3.760 m, R, = 2,605 m ™2
1 vom s ¥ T 0 {10743 m R - 7,442 m, (3)
K K 20.412 m, Ry = 14,140 m, -
\, -
N The influential wavenumbers of the small-scale are so that
\d
0 2 -1 o~
x Ikmxl s3+ (1+AB) Kpg= 1314 m° . R
. Then, in (1), for the three altitudes in order as in (3), N -:3::4‘-
~.- - f f
[ (15.2 n ) ﬁ:’&
:'_- 19.7 ll'l N 6 = + 1' ;.‘ :‘\t
26.2 m el
3 [~] 1 =
-.: . N
.\'- - 9 . 98 m ':: _.'-.:
o -{ 5.29m} ,86=-1 N
R (+| 1.20m A
‘.'.' -.:'
d 3 P
o>, .. .-_‘.
-, R
2 _}'~1-:~;]
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Because k _  may be of either sign, the “spread” of the (degraded) SAR impulse loca-
tions os Twice this number. AS the longwave wavelength is 94 m and the SAR resolu-
tion 10 m, we see thata

1 - when § = -1, the locations are fairly well clustered, especially so at the
highest altitude and less well at the lowest altitude;

PP CX AN LA |

5

&

2 - when § = + 1, the locations are rather widely spread out, especially so at
the highest altitude.

We now turn to an analysis of the effect of the quadratic phase "error”. This
can be seen by calculating the resultant rms “resolution® of the SAR impulses
assuming an un-truncated Gaussian shape for the azimuth transfer function, we get the
approximation __

A

2 (21 ,Yp20 5 2
o, = +14£ 0 (25 ] (s)
P {p x 7] }

v v
2ABK5g

R

Here, then,

g

5 W
ety

-

.aam
m} ,6=-1

{ :Bzm

We see that both members of the doublet are degraded rather little at all the altitu-
des, for this particular data set.

We can now make some predictions of the image nature based on the above simple
analyslis.
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1 - The image nature is primarily affected by the translations
(wavenumber-dependent ] of the individual image contributions of each wave-
lety it is affected rather little by the degradations of the doublets.

-2 - The image will have local maxima, spaced at the longwave wavelength.
Accounting for the relatively small translations of these impulse respon-
ses, their "resolution™, or rms spread, will be estimated as about

36 I‘|'l, Ro = 7,“]} fto = 2,605 m’
24 m, RO = 20,000 ft. = 7,442 m,

3 - The “background” against which these local maxima appear will be of
increasing spread -- hence (to a limit) of reduced level, as the height
increases.

- Therefore, the “contrast ratio" should increase with increasing height,

Thus, we expect to see, at all three heights, local maxima, spaced at the

longwave wavelength, with "contrast ratio™ best at the 1
Towget retone) ’ e largest height, worst at the

The optimum value of the focus correction pafémeter C -- see the above-cited
MEMORANDUM -- is, here,

-2

o |28.1%102% R = 2,605m,
Copt = -18. 4% 107° +{8.44 * 10-2 , Ry = 7,442 m,
op 4.48 * 10-2 , RJ = 14,140 m,
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In the TOWARD experiment the observed long wave spectral

density was apparently not especially narrow in its support,
giving impetus to extending the theory of [2] in this regard:
this has now been done under appropriate approximations. A basic
difficulty is that an adequate theory for the modification of
short waves on a suitably general long wave is even now under

development. (See Longuet-Higgins, Appendix IV herein).

If the bandwidth of the long wave ensemble is not unduly
broad, its sample functions will have a quasi-sinusoidal nature
and we expect that, locally, the main features of the above

analysis carry over: this is borne out by the simulations.

Some examples of simulation results will be discussed below
for a set of parameters that include an assumed 5m resolution.
The JPL SAR employed- at least some of the time-

a very widebeamed antenna having an intrinsic resolution about
ten times finer, while the imagery distrributed to the investi-
gators was degraded to various coarser resolutions- e.g., 11 m.
The effects of motion in such data can be approximately equiva-
lent to those of a SAR with such a resolution- e.g., llm.

A more precise simulation would likely require the program to
be transported to a computer of significantly greater capacity.

(A VAX 785 is currently being used).
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The pricipal parameters assumed in the simulations cited

below are listed here.

SAR resolution: S m
SAR slant range: 14,000 m
SAR RF wavelength: 0.25 m (L-band)

SAR incidence angle: 35 deg

Long wave: (a) sinusoidal, wavelength 100 m,
amplitude 0.5 m
(b) random with wavenumber spectral density
of Scripps for Oct. 31, 1984
water depth: 18 m
Small scale ensemble: random with "white" spectral

density, one "sigma family"

Simulation sample distance: 1 m
Number of object samples: 1024

Number of image samples: 338

In Figure la is shown the simulated image for the sinusoidal
long wave and a small-scale wavelet consisting of a single sinusoid
at the "Bragg-matched" wavenumber. 1Its nature is fully explained
by the analysis of [2]- recall the image extrema correspond to the
crests of the long wave. The corresponding spectrum (Fourier trans-
form) is shown in Figure 1b: of course it has strong "lines" as a
result of the apparent periodicities in the image. (Note that the
harmonic relation to the long wave becomes more pronounced at the
higher wavenumbers. Also recall that a long wave traveling with the

SAR has wavelength its increased- here a few percent).
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In Figure 2a is shown the sample average of about two dozen

images for the same sinusoidal long wave but with a full spectrum

of small-scale wavelets. Again, the analytic predictions of [2] E_:
are supported by the numerical simulation. The correspecnding £
spectrum is shown in Figure 2b: the "lines" due to the image period- :?. ";if.“
icities are still clear, though not as abundant. ' f};'.:
A
In Figure 3a is shown a segement of a sample function, at the E. \..'-’-;j-;
mean observation instant, of the long wave random ensemble. This . ’FF‘%
(Scripps) spectrum has considerable support and, correspondingly, E::‘ »‘:\'}:
the sample functions fluctuate more rapidly than a single sinusoid :.-.::::\.
at the dominant wavenumber. Based on the analysis of [2], we expect “:‘ ;:fé&;
image maxima, generally, corresponding to the crests of the long wave " ,'f‘,
sample function. 2 E:
RN
In Figure 3b this expectation is borne out. The theory of [2] ) E"f-‘
predicts an image translation of, here, about 21 m due to the mean L
effect of the small-scale wave motién: if 3b is so translated, its ™
extrema lie rather as predicted. N
The corresponding spectrum is shown in Figure 3c: the "lines" -
appearing are, at the higher wavenumbers, generally, harmonically -
related to a wavelength about 100 m- approximately the dominant -
wavenumber. However, at the lower wavenumbers there is strong o, ):::',-._,
spectral content attributable to the longwave and image fluctuation b :-:,
which 1s a2 fraction of the long wave period. o "“ji
Nl
A (limited as yet) number of similar simulations indicate that, :-x E“
rather as would be expected, the image nature will strongly depend RS .,::.Y;
on the particular long wave sample function "drawn by nature" from ™ ;f,c":
the ensemble charaterized by the spectral density measured by . ff;
Scripps. Such a situation calls for a suitable averaging process .' ‘:';{:'_:.
over the long wave ensemble. Ny -::“.:
) Lty
N Fe
A
2
RN
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In Figure 4 is shown a "standard" ([3], p. 556) spectral density

estimate using 24 complex, simulated SAR images. on each run both the

rEs

long wave and the small scale were drawn randomly.

We may compare this spectral density estimate based on the simu-

lation with the actual SAR image data. Presently at hand is a spec-
tral density estimate obtained by the same "standard" method- but

Aoy

using 100 adjacent range cuts: therefore, because of the nearly

azimuth-directéd nature of the long wave, the long wave samples are

>

rather correlated. Such a spectral density estimate is shown in

Figure 5.

g =M

Comparing Figures 4 and 5 we see that the SAR image spectrum
is "full" to wavenumbers cutoff by the bandwidth of the SAR system.

xR

Also, comparing to the long wave spectral density measured by Scripps,

appearing elsewhere in this report, we see that it does not resemble
i at all either the "actual” or "simulated" SAR spectral densities.
- While subject to refinement, we expect the above conclusion to hold
E: and is a very important observation since many have mistakenly
believed that they are similar.
&t As a final simulation example, a SAR image of 344 m (azimuth)

N by 210 m (range) is shown in Figure 6. (The aspect ratio is incor-
ﬁ? rect, being taken "as is" from the printer). The (randomly occur-

ring) maxima attributable to the long wave are evident.

3 This simulation capability could be a powerful assist in under-
standing SAR imagery of ocean phenomenon in various situations and

@ applications.
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